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P&CFACE 



There is ttuch information and data published on 
swtals and alloys for use at temperatures exceeding 1000°?. 
Unfortunately much of the data Is presented in a factual manner 
with a ciniaur of interpretation and correlation, ?roa such a 
case and maze of compositions, temperatures, times, tests, 
methods and many other variables It is difficult to get a clear 
picture of just what is desired in a metal or alloy fcr use 
at high temperatures. 

There are several reasons for this state of affairs. 

Only comparatively recently have steels, for example, been sold 
primarily on the basis of Mechanical properties rather than on 
the basis of chemical compositions. 

High temperature alloys were needed in a hurry for 
gas turbines, jet engines, turbosuperchargers, and other military 
applications during ths recent war. Tine simply was not available 
to make fundamental studies of phenomsna occurring at elevated 
temperatures. As a result many varied and diverse alloys were 
manufactured. The successful alloys were so deemed on the basis 
of final performance in ths application which is quite logical, 
but there was not a standard system of laboratory testing on which 
one could rely to rate the various alloys prior to the service test. 
Thus the results were highly empirical. One satisfactory alloy 
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sight haw three or four alloying elwaonta while another sight 
haw tan alloying el onsets. 

In order to arrive at so we body of general information 
and considerations which night be applied to selection of natal* 
for use at elevated temperatures, an attempt has been cade in 
the following report to classify existing knowledge under various 
Mechanical and physical properties. 
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r*r.fljbCTios and xon. 



In 194S, a report by Scarborough (1) traced the develop- 
ment of heat resistant materials. The coverage given by him 
best be Burned up by a duplication of the table of contents 
of his report. 



1 • Introduction 

II. Early Elevated Temperature Work 
origin 

corrosion and oxidation 
intergranular corrosion 
high temperature strength and ductility 
fracture 

alloys and alloying element effects 



III. Evaluation of Elevated Temperature Material 
data and correlation 
creep 

IV. Recent High T temperature Work (1939 - 1943) 
new fields 
iron-base alloys 
nickel-base alloys 
cobalt-bass alloys 
chrodu*-ba3e alloys 
Cr - Ni - Co - Fe alloys 
comparisons and properties of super alloys 

V. Future of Heat Resistant Kate rials 



Some of the material in the present report overlaps to 
a certain extent the material of the earlier report by Scarborough, 
but overall the organization and emphasis is radically different. 

In line with the wore modern approach of studying steels for example 
by classifying them according to structure and of specifying 
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steels on the basis of mechanical properties and hardens bility, 
as little reference will be Bade to specific cher leal coiaposi- 
tione and individual alloying elements as ie consistent with 
understanding the reaarka herein. In other words, more irapor- 
tance is ascribed to the properties of the particular alloy 
than to the composition since the alloying elements are only 
one of the taany variables such as melting, ingot practice or 
casting, working, and heat treatment which determine the 
mechanical properties of the alloy. Of course there are excep- 
tions to the above where an individual element is very Impor- 
tant such as the necessity of having chromium present in suffic- 
ient amount for corrosion resistance, gr&phitization as a result 
of an excess of silicon with sufficient carbon, and the non-pro - 
tective nature of the oxide of molybdenum. These exceptions 
with several others are discussed in the appropriate sections 
of this report. 

While on the subject of the effect of specific alloying 
elements in heat resisting steels, it night be remarked that 
Bain (2) has presented the general subject of alloying elements 
in steel and Dobkln (3) has described the effects of alloying 
elenents in heat resisting steels, 

W. 0. Binder (19) has classified high temperaturs alloys 
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in the following manner: 
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Work-hardened alloys 



1* Up to 70jf Fe 

2. Cold worked austenitic structure 

3. High yield strength 

4* Limited to 1350°F. service temperature 

B. Heat-treated alloys 

1* Bon-titanium bearing 

a. Dp to 30# Ft 

b. Face centered ouble lattice structure 
c« Lower yield strength t \ an class "A" 

d. Subject to change in eolid solubility 

e. Greater high temperature strength than 
class n A w 

2* Titanium bearing 

a. Dp to 35% Fe or not less then 6% iron 
with balance nickel and cobalt or nickel 

b. Face centered cubic lattice 

e. Characterised by high yield strength 
d, United to about 1350° service temperature 

C. Cast alloys 

1. Cobalt-base types 

a« Contain up to US iron 

b« Face-centered cubic lattice 

o. Moderately high yield strength 

d. Subject to solid eolubility changes 

a* Greater high temperature strength than class "B* 

2. Chromium - base alloys 

a* Contain up to 25 percent iron 

b. Body-Centered cubic lattice 

c. Sctrenely brittle at roo temperature 

d« Possess liigh strength at elevated temperatures 

The above classification is not the only classification 
given to high temperature alloys in the laet few years. It is 
probably not the best or cost complete outline. But there are 
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severed Interesting points to note on it. The alloys have been 
grouped aa caat or wrought, heat treated or work-hardened, 
and referer.ee is made to lattice structure, solid solubility, 
yield strength, high temperature strength, and ductility. In 
the earlier days of high temperature metallurgy, just a few years 
ago, it was believed that high temperature strength could be 
increased more expeditiously by varying composition and keeping 
processing variables constant (19)* Tide resulted in a large 
number of complex composition which defy systematic classification. 
7et it was noted that most of the alloys were subject to solid 
solubility changes at 1200 - 1B00°F. It la logical to assume 
then that these alloys aro similar in that they probably get their 
strength from the alloying elements by the same mechanism. 

In order to properly evaluate an alloy for an engineering 
application one must know the conditions of operation of the piece 
of equipment. For example the selection of material for the inner 
wall of a cooled, liquid propellant rocket '*5 tor (16) would be 
on a different basis than the selection of material for blades of 
a gas turbine (23), (24), (29), (30). The gas turbine and turbe- 
eupercharger are very ouch alike except in one respeot - else. 

Thum (41) has said: "It is one thing to build and blade a email 

disk for a turbo-supercharger which operates at say 1500°F. maximum 
but at fairly low centrifugal stress, and another thing to construct 
and count a similar blade, which may be fifty times as heavy to 
run at peripheral speeds exceeding the velocity of sound. This 
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transition is so difficult that the as turbine, so far, is 
designed to run 200 or 300 degrees F. cooler than the turbo- 
supercharger despite the fast that thermodynaaie efficiency 
increases faster than temperature* Tire of operation oust 
also be considered. Is the turbine expected to run a maximum of 1000 
hours or is the expected life to be 100,000 hours? Is operation 
to be steady such as a power house application or is operation 
to be cyclic such as in a transportation application? 

In order to restrict somewhat the cany faceted problem 
of evaluating high temperature alloys, the bulk of this report 
will be concerned primarily with properties of interest with respect 
to material for gas turbine rotors and blades. The rotor and blades 
of a gas turbine are perhaps the cost difficult application to 
meet since the temperature of the blades is high, the stress system 
is complex to the point of being insoluble, and just about all of 
the properties and tests associated with high temperature alloys 
must receive consideration. A schematic dlagrma of a gas turbine 
photograph is shown in Figure 1, 

Originally, it was planned to describe testing methods and 
equipment in tome detail. But due to limitations of time, it was 
decided to nake rather brief United referer 088 to testing equip- 
ment. Complete descriptions of the equipment mentioned may be found 
iu the articles referred to in the bibliography. 

Evans (30) has presented the points which nust be considered 
lri evaluating materials for gas turbine service in a unique manner: 
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Temperature 



Oxidation, corrosion 

Thermal expansion 

Thermal conductivity 

Effect of fluctuations in 
exposure 

Stress - to - rupture 
Creep 

Creep relaxation 

train Unknown factors Tina 

(allowable («q?ected service life) 

defornation) 

Effect of fluctuations 
Effect of concentrations 
Fatigue 

Damping capacity 

Stress 

According to Evans, th® design engineer first specifies the 
Uniting conditions of stress, strain, tire, and temperature* 

Then, the wstallurgiat selects the proper mterlal considering 
the factors listed inaid* the box, always with the four li iting 
conditions of stress, strain, tine, and temperature in sdnd. 

The Timken Roller Bearing Company (134) employs the following 
tests depicted in the diagranratlc sketch below in determining the 
auitabiUty of steels for high temperature service. 
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Heat 

Treatment 



JR.ocni Temperature 
Tests 



.1 - 



Impact tests 



Keballocraphic 
exrr inat.‘ cn 



Load Carrying 
Tecta 



High tc -psraV ve 

/ . si. - ^ " ' 

Creep t r see 



Runture tizl* 



Surface Stability. 
Tests 



_Structural 

Stability Teste 



Oxidation t* r.n 



.. Corrocion te ; • 



. reiallo rapt:.- exami .t- 
tion of surf • cf 

prolong'd nip' ur© sr- ci- 
nens 

-Hetallcgraphic * , xeri. :ioo 
of creep and strera-rur< re 
specimens 



Room temperature 
Tensile and ii .pact t sts 
on coripleted creep sp» ci- 
mens 

Heat er. brittle L.ent test*. 



Jot ductility I 

under stress and 
prolonged time 



Ductility chi’’ cttH ft ic 
of stress-ru >r- 
spccinens 



.Shock resistance 1 
at elevated tem- 
peratures 



Hot impact t" ’ t 



The reason for presenting the classification# of 
high temperature alloys, of properties to be considered, and 
of tests usually performed has been to illustrate the basis 
upon which the i-ajor points of this report were selected. 

The table of contents serves as an outline for the 
Katerial of tide paper. The items listed under each major 
topic are Incorporated into the subject ratter with the following 
emphasis in minds 
For examples 
Creep 

A. Theory or present status 

B, Application 

C* Current experimental work 

D. General remarks 

While the topics lave been piiysically separated for purposes of 
classification, it must be remembered that they are dependent 
on each other to a very large degree. 
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CHAi-TKR I 

3TUSNGTH. TQUSHHE3S. JUCTIL17I 

In reviewing the literature of high temperature 
metallurgy, the reader very frequently encounters the 
statement that strength, toughness, and ductility are desi- 
rable in alloys for use at high temperature (43), (63), (73). 
Strength and toughness are rather obscure teres; no one can 
really give a binding definition for either of then. Ductility 
is usually associated with elongation or reduction in area. 
Toughness ie usually associated with notch sensitivity. Very 
often, toughness and ductility are loosely referred to as a 
single property or characteristic. 
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Squi-cohesive temperature (136) is associated with 
strength and temperature (34), (60), (63) , This temperature 
is defined as the temperature above which the material fails 
with a relatively brittle fracture which follows grain boun- 
daries or (phase boundaries), and below which failure occurs 
as a relatively ductile process in a transcryst allins manner* 
Another way of stating the definition is that it is the tempera- 
ture above which a material fails by cleavage due to strain 
rats, rather than by slip* Some people have objected to the 
use of the tern equi-cohesive temperature on several grounds (63) 
while other investigators ha.ro used the tern in a purely descrip- 
tive manner* The principal objection is that the tine of appli- 
cation of stress deturodnes whether the fracture is brittle or 
ductile* Thus the equi-cohesive temperature is not a true constant. 
This subject is developed further in the sections on creep, stress 
rupture, and hot tensile testing* 

Some very fundamental studies have been made by Osipov 
recently on the principles of alloying of hot strength metallic 
alloys (35), the relation between the nelting temperature and 
the high temperature strength of alloys (36), and factors in 
tho high temperature strength of heterogeneous alloys (37)* 

Osipov has considered the general aspect of the hot strength of 
homogenous solid solutions having B. C. C. and F. C. C. structures 
on ths basis of the H(f) curves for iron. N(t), the density of 
electron states, in <*• and X irons is plotted versus , the energy 
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of the electrone in Rydberg units. Electrons mist change their 
energy end distribution in the crystal structure when the ratal 
is plastically deformed. The probability of redistribution 
is lower (therefore the resistance to deformation is greater) 
the fewer are the permitted states of electrons in the upper 
occupied levels. Osipov then states the following principle: 

M A homogeneous solid solution with a minimum density of electron 
states in the region of the higher occupied levels of the N ( € ) 
curve mist possess the maxiraun heat resistance , M The addition 
of a B, C. C. element toaP.C.C. solvent results in greater 
hardness and strength at high temperatures as a result of non- 
uniformity of the electron distribution. He tala with different 
crystal structures and widely separated in the periodic table 
tend to fora intense tallic compounds. The electron distribution 
in such ratals also differs sharply, so an increase In strength 
of a P. C. C. solid solution may be expected when several alloying 
elements that fora internet allic compounds among themselves are 
added. 

Osipov explains the relation between melting temperature 
and high temperature strength in this manner. Near the tempera- 
ture of crystallisation, the liquid and solid have much in coanon 
in the distribution of atoms, in the character of thermal motion, 
and in the forces of interatomic interaction. Experimental data 
on iron-chromium, irori-nickol, cobalt-nickel, and manganese-nickel 
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alloys confirm the above views to a certain extent. The 
mechtrAcal strength or the above alloys -as evaluated at 1100°C 
by the method of Kornilov. In tills scthcd, the alloy showing 
the least deflection under the action of centrifugal forco lias 
the boat high temperature strength. 

In another article (3V) Osipov atte-pts to explain 
the reason why tho high temperature strength ol‘ some hetero ,eneous 
alloys is less than the strength of tho sin /le-phaso alloy, while 
in other syotei*e, the reverse io true. The transition Bone that 
exists botween the grains of a single-phaso alloy as Co*' .pared 
with tho sons between the two different phases in a hetero eneous 
alloy appears to be the factor of min importance. The echaniaa 
of flow is assured to bo the sane as that of diffusion. If the 
melting point of the transition zone is low, diffusion of this 
grain boundary material into adjoining grains occurs rapidly. 
Eutectic syrtans have lower iselting temperatures than the jrure 
phases. Therefore the high temperature strength is lower for 
heterogeneous alloys in eutoetio systems than for the single phase 
alloy. 

The remarks of Osipov, stated above, are based on rather 
noager experimental evidence but do indicate an approach to the 
subject of creep strength and rupture stre .gth, for example, which 
is necessary to arrive at son# conclusions that may bo relatively 
free of anoralioa. 
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Ductility has been a controversial subject in the 



field of high tor perature alloys, and recently greater emphasis 
has been placed upon the percent elongation caused by applied 
stresses over varying time periods (11). In cyclic operations 
of machinery (heating - cooling - heating) if plastic flow 
from thermal stresses occurs on each high temperature phase of 
a cycle, high stresses nay result each time the minimum tempera- 
ture is reached. In situations like this, cseny engineers will 
specify roo. temperature ductility as the major or primary 
requirement relying upon the ability of the material in changing 
its siss to redistribute and reduce the then. Ally induced stresses (48) • 
In uany cases a reinimua elongation of 5 % in 2000 hour stress rup- 
ture test is considered desirable (11)* Cross and Simmons (47) 
hare said: * However, low room-temperature ductility does not 
necessarily Man Inadequate ductility at the elevated temperature 
of operation, and the millions of these cast buckets that gave 
satisfactory service are sufficient proof that the final answer on 
ductility is in an actual service test and not in an arbitrarily 
chosen standard of ductility in the laboratory." Cross and Simmons 
are referring to ritalliuti buckets in turbosuperchargers in the 
statement above. They are not objecting to ductility, per se, 
but to the method of evaluating it, since the fact that the vitalli urn 
turbosupercharger blades performed satisfactorily under cyclic 
operating condition* would indicate that local elongation occurred 
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during periods of overload and sufficient relief of stress 
concentration as a result of oooling was accomplished (11) 
to prevent failure. Siegfried (127) favors describing the 
behavior of a steel under stress at elevated temperatures by 
two strength values — the resistance of the material to 
deformation and the resistance of the material to fracture. 
Resistance to deformation is defined as the limiting stress 
under which a cessation of creep eventually takes place. 

Resistance to fracture is represented by the load resulting 
in defon&ationless fracture after an infinite length of time. 
Resistance to deformation night be determined by a relatively 
short tins test provided that the internal structure of the 
interior of the test specimen would not change during extension 
of tine beyond that at which Uniting stress occurs and provided 
further that the surface of the test specimen remained unaffected 
by ambient conditions. With the above requirements in rind, 
which incidentally Siegfried did not consider, Siegfried surest* 
a combination short time, long time test on notched bar specimens 
in tension in which the resistance to deformation and the resistance 
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to fracture are obtained. 
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There really Is no generally accepted theory on 
the mechanism of creep* Andrade, Kan ter, Seitz, Orownn and 
others have advanced theories, but for the Bast part these 
are in turn dependent on other theories and assumptions which 
are not universally accepted* Such ideas as viscous flow at 
grain boundaries and within grains ( Andrade 137) , viscous flow 
as a diffusion process (Kantor 133) , dislocation theory applied 
to transient creep (Seitz and others 144), and nicro creep in 
sous crystals imposing an elastic stress upon othsr crystals 
(Orowan 139) have been suggested* It is not the intent to dis- 
cuss these theories for the reason offered above* 

Interpretation and presentation of creep data has 
appeared in several variations* ItcVetty and Iladai (141) have 
introduced a method which involves the establishment of a 
hyperbolic sine relationship between the Kinisua creep rate and 
stress over a range of temperatures. By cross plotting, a simi- 
lar relationship is established between the sinlauta creep rate 
and temperature over a range of stresses. A slrilar procedure 
is followed with respect to the deformation obtained during the 
first stage of creep* From a combination of the above data curve# 
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of total defoliation versus tine over a ranee of stresses 
at constant t«- jieralure are plotted, *>eta of cirrvaa cay be drawn 
over the entire range of temperatures used. For a eo*»plote 
discussion of the application of this eethod see reference (142), 
This particular method has eo re what limited value since applica- 
tion of the above chart is restricted to tests at exactly the 
saia temperature. Even slight variations in tea; * rat ora result 
in a marked dej art tire fro; these curves. 

Creep data arc usually plotted on curves as shown 
in Figures 2 and 3* The creep curve thus consists of three sec- 
tions; transient cresp, secondary creep, and tlJLrd stage creep 
just prior to rupture. In general the jreatest interest is in 
the section of the curve known e.a secondary or uniform creep, 
According to ASTM designation E22 - 41 results of the creep test 
may be p>lotted in the following manner: (145) 

(a) "Extension- ties curves should oe plotted on 
ordinary rectangular coordinate paper at 
amply large scale, and such curves should 
state whether or not elastic extension is 
included and, if so, what it is. Tine is 
preferably expressed In hours," 

(b) For a particular temperature, log-log plots 
of stress versus rate of oreep are desirable. 
Such plots are useful within the lirlts of 
determined values. 

(c) For each material a plot of log >tr»ngth 
versus temperature ie desirable. For the 
higher temperatures, such plots approach 
straight lines although the plotting of 
data on seel log charts often results in 

a straight line relationship, extrapolation 
of such lines has been found to be unjusti- 
fied." 
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Creep iata has been the successful basis of design 



for steam turbines to operate at temperatures up to 950°F 
with an expected life of at least 10 years (30). Particularly 
where close tolerances taust be maintained, design is based on 
creep strength. For example, steam turbine parts are designed 
on the basis of 1# elongation in 100,000 hours (11). The origi- 
nal Elliott gas turbine waa designed for a life of 10 years and 
for stresses in the neighborhood of 6-6000 pel (24). 

Although it has been mentioned that the main interest 
is in the second stage or uniform creep part of the creep curve 
the initial amount of deformation frois transient creep must be 
considered in design calculations. Creep curves for various 
temperatures are generally parallel. Two groups of curves each 
with parallel slopes nay exist - one group for temperatures above 
and the other group for temperatures below the rccrystallization 
temperature. 

When sufficient creep and stress to rupture data exist, 
so called design curves are plotted (106) (30). The design curves 
ae illustrated, in Figure 4 give stress for a given temperature 
that will produce a certain deformation in a given time. Cortaon 
practice for designers is to design with a stress which will result 
in a secondary creep rate of ,00l£ per hour for 1000 hours or a 
factor of safety of 5Q% is applied to the stress which will produce 
a creep rate of 0.01J5 per hour for 1000 hours. Quite often the 
extension in the transient stage of creep is approximately equiva- 
lent to the extension in the secondary stage of creep for 1000 hours (30) . 
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The rules of thu&ib above are strictly empirical. The "transition 
point curve" is plotted from the stresses and corresponding times 
when the creep rate increases to IQ % above the secondary rate. It 
is important that the designer choose or design ths structure for 
stresssa which will not cause extensive elongation for tine periods 
over 1000 hours since very little data lias been obtained about the 
ability of the various metals and alloys to deform for long periods 
of tins without pre nature fracture. For this reason, the designer 
should probably stay well dear of the transition point curve and 
limit stresses to ths ,l£ Curve if he expects ths structure to 
last ten years (30). In 1942, ths General Electric Company completed 
a series of 100,000 hour creep tests at 842°F on 3AE 4330 . To 
illustrate order of magnitude figures i 

1. 25,000 pel stress caused third stage creep after 
70,000 hours, 

2. 21,000, 17,000 and 13,000 pel caused constant 
or gradually reducing secondary creep rate for 
full 100,000 hours (30). 

84 2° is considerably below 1000 PF, the minimum temperature in which 
the main interest of thie paper lies. But it is interesting to com- 
pare some of the above figures with data obtained on much higher 
alloyed steele or more complex alloys at higher temperatures • For 
example, Grant (60) in working on the development of alloys suitable 
for long - time operation in gas turbines to be operated at 1350^F 
* See apjjendix I for compositions 
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High temperature design information. Spread 20 
due to difforonco in boat treatment • High creep 
and rupturo valuoa abovo 1000F aro from material 
v?ater quonchod from 2150 F. Tho lev; values aro for 
material air cooled from 1700F. 



to 1500 ° ¥ Mi lip * goad of a rinita* cr&mp rat* of 0 . 00001 $ 

per liour (1$ in 100,000 hours) at a ctrsss of 7,000 pal and a 

o 

temperature of 1500 P. 

Another convenient way of plotting creep data la to 
plotlqg stress versus log of the secondary creep rate at various 
temperatures. These data plot as straight lines, as indicated 
in Figure 5 # Such straight lines encourage interpolation and 
extrapolation, but there are some dangers in doing this. Creep 
curves which have been conducted for the purpose of obtaining a 
rate of deformation tell notiling about the ti'e it will taka for 
a metal to fracture under the loads applied, and nothing about 
when to expect failure under lower loads (64)* The reason for 
the above statement and the empirical statements mentioned 
regarding proper selection of a safe rate is further explained 
together with the stress rupture test. 

After examining data on 15 of the older high temperature 
alloys, Nvans (30) has remarked that there may be as sush as 100$ 
spread In the stress necessary to produce secondary creep of 0.01$ 
in 1000 hours. This applies particularly for temperatures above 
1000° F. In Figure 6, an abnormal spread purposely caused by heat 
treatment is shown. The differences shown here between bars air 
cooled froic 1700°F as against bars water quenched from ZL50°F could 
be the result of water quenching small and large sections. Other 
factors of structure, melting practice, heat treatment, and working 
could also cause a spread in results. These effects are discussed in 
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the sections on structure, melting and casting practise, heat 
treatment and working. 

The creep test may not be the beat test to use for 
an engineering application on a large scale. The test takes a 
very long time to run. For example, 10 years is approximately 
87,000 hours. let secondary creep rate values cay be desired 
over a period of 100,000 hours. For gas turbine applications 
the strain measurements oust be very accurately taken since 
the creep rate is very small . For example, if design is 
predicated on 1# total elongation in 100,000 hours - this elonga- 
tion to be the result of secondary creep (uniform creep) - the 
exteneometer or measuring device if taking daily readings would 
have to be accurate to the order of 5 millionths of an inch. 

Thie is so because a creep of 1$ in 100,000 hours is equivalent 
to a creep rate of .OOOOljf per hour or 2 x 10“^ inches per hour 
for a 2 inch gage length (64). During this great length of time, 
the temperature must be maintained very accurately over the entire 
gage length of the specimen (53)* It has betn remarked that tempera- 
ture control on furnaces for creep machines should be -1C for tem- 
peratures up to 900° G (59)» For certain loads on certain materials, 
an increase of 10°F may double the creep rate. Expressing the creep 
rate in terms of percentage creep per how the increase in the 
rate by doubling the minute Initial rate does not appear to be 
alarming* However after a time such as 50,000 hours, the effect of 
doubling the hourly rate would be apparent in terms of total 
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elongation* The creep specimen taiat be kept In eaict align went, 
during the lcwi_, tim of test under a load of deed weight* applied 
through a system of levers, l-anjoiue ( 56 ) ha* reported a screw 
driven creep - rupture testing machine which obviates the necessity 
of an extfc-ieoreter and lever ante, and weights are wholly eliminated. 

As was indicate'.! in Figures 4, 5, and 6 a whole family of curves 
ie needed for a particular material to aee what behavior cay be 
reasonably expected at different loads or different t ►tperaturos (!?/*). 
kith reference to curve A on Figure 2, it an -ears that there ie 
no neasuratle elongation after the primary creep stage, but one can 
not conclude that the S'xsciraon will withstand this stress indefinitely, 
Tha initiation of the acceleratin': rate of creep ultimately leading 
to fracture cannot be accurately predicted for given condition* of 
stress and temperature froc data based on tests carried out under 
higher stresses and temperatures ( 59 )« 

In plotting creep, the curves on different steels fre- 
quently cross, Titus a material which has excessive creep at a 
lower tee;j>er&ture may be an improvement over the other laterlal 
at a higher temperature (5)* This ie illustrated by the following 
data* 



fire ss for creep rate 



1 x 1CT 6 in/inAr, 



rff.i-sat£ary. 



20 cjr-0.5 in 

000 

29,000 



Other stoel, Cornea ltir»n 

^TTifen 



400°C» 

500 
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(Other points noted in the above test: 

1. extension loss then ,$% of gage length during 
first 24 hours. 

2. during next 40 hours, no further extension 

3. sensitivity of measurement, 10~^ inches on a 
2 inch gage length). 

STSCS3. RUPJJftt 

The creep test was described as a test of materials 
for essentially long time application at constant temperature. 

As such the primary interest was in the secondary triage or 
uniform rate of creep. No particular interest was given to 
failure or rupture while discussing the creep test. In practice, 
however, the rupture life of a material is of very great interest 
to the designer of gas turbines. In the starting of a gas turbine, 
the temperature rises continuously until the steady operating 
temperature of the blades, discs, and other components is reached. 
Over a very short tire, then, appreciable deformation may result 
from theraai causes as well as mechanical loading. Again, there 
is nothing to guarantee that the speed regulation device is going 
to remain operative at all times. Hence there my be periods of 
overload and higher stresses - stresses higher than those required 
for a minimum secondary creep (for example 1 x 10”^* per hour). 

For this reason most highly stressed designs are bused on creep and 
stress rupture data. Grant (60), working on the development of alloys 
suitable for long-time operation in gas turbines) set up the 
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Log tino hours for rupturo. 
Figure 7 ( 50 ). 




Log -tino houre. 

.0001 .001 .01 .1 1 ^/hour. 

Flguro 8® (64). (l4p) 

Caot alloy 2 6 Cr 12 Hi «p2 C .16 II 



following standards as the alb of his program 

1* Minims rupture tfjge of 100 hours, 20,000 psi, 1500®F. 

2. Creep rate 1 x 10” *2 per hour at 7,000 psi, 1500®F. 

As a comparison of creep and stress rupture data, the following is 

given* (11) 1500°P. 

'legendary creep Streos rupture Jlenratlon 

1. i in io.o6o hours stranrrth 10.000 tiours at failure 

5 816 14,500 92 

S 590 96,000 psi 11,000 112 

S 588 10-11,000 72 

Thus it must be noted above that while deformation under 
stress of all three alloys would be uniform under equal loading at a 
relatively low stress level, S 816 and S 590 would give greater pro- 
tection against failure caused by overload or stress concentration 
not only due to their higher rupture strength, but also their 
higher ductility or ability to distribute or relief® stress concentra- 
tions by defomatlon. 

The short ti»e tensile test is really the first point of 
the stress rupture curve. Seedier loads are then chosen in succession 
to give longer rujture tines. The tests are usually in the neighbor- 
hood of 200 to 2000 hours but the length of tis* appears to be a matter 
of personal choice. The variation of log time for rupture versus 
log stress is plotted in Figure 7 aa a straight line at a given 
temperature • If the structure of the rate rial changes or the surface 
becomes corroded the slope of the line will change. Thus there is 
great danger in extrapolating the straight lines to longsr tines and 
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lower stresses 



Epre~±an (22) and Grant (60) highly favor the street 
rupture test as a preliminary test for choosing alleys for the 
testing of further properties. Gillett (2?) however maintains 
that the designer or engineer ray be steered away fro® zaateriala 
useable at lower stress rates since the stress rupture test in 
effect gives information telling what will happen to the rate rial 
under absolute abuse, loading to a degree which would not be 
allowable by correct design for long tira service. Grant (60) 
in the development work previously mentioned, reaarks that a good 
test for material a for high temperature alloys should embody the 
following four factors: 

1. Ability to discuss favorabls or unfavorabls 
properties 

2. Relatively rapid teot lira . 

3 • Reproducibility 

4. Simplicity of apparatus and ease of interpre- 
tation of results. 

According to Grant, the creep test if limited to stresses for about 
2,000 hours which will not produce failure during that tine requires 
costly and critical measurement equipment and then does not indicate 
the expected life or elongation at failure. In contrast to this, 
the stress rupture test a sens to fulfill the four requirements above. 
The measurements made in this test are elongation versus tine, elonga- 
tion at failure, and rupture time. Prom the curve of tine versus 
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creep range is obtained. 

Mechlin and h'owick (49) have applied the theory of 
rate processes to stress rapture. Leaving out the thencodynaid.ee 
and the mathematics, a brief resuse is given of t.ieir work. The 
successful prediction of rapture time and the dependence on tempera- 
ture for S 016 forged, S 816 cast, and low- carbon H 155 hot worked 
provided the reason for their recommending that rate-process 
stress-rupture equations should be used to interpolate and extrapolate 
stress rupture data for different temperatures. Thus the number of 
stress rupture tests necessary to get sufficient data fcr engineering 
design is reduced. The recommendation is ra.de that a plot of log of 
rupture time versus stress bo used instead of the log-log plots which 
have been used in the past ao depicted in Figure 7. The send log 
plot is necessary in order to obtain data to predict stress-rupture 
at additional temperatures by application of ths rate process equation. 

The above paper ha 3 received criticism on several points. 
Foacolet (discussion to 49) said that the stress-rupture data used 
covered only three full log cycles and this is too short a tine to 
evaluate the uso of seii. log or log-log plots. 

Evans (30) hao Indicated in the table below the ratios of 
creep strength to rapture strength fcr several alloys at 1200°F. and 
1500°K. Tills data would seam to indicate that a f actor of 50% rc ay be 
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applied to the extra); olatea rupture strength for 100,000 hour llfo 
to predict the creep strength for a secondary rate of !*• for 

n 

100,000 hours ( 1 x iO inches per inch per hour). Another thing 
to note is that theso ratios appear to increase as the tempera- 
ture is increased. 

C(I* In 100.000 hours) 0(1^ in 10.000 hours) 





K(100,000 houre) 




R(1000 hours) 


Type 


1200°F 


1500°F 


1200°F 


1500°F. 


502 


0.80 




0.53 




44 6 


0.50 




0.376 




304 


0.47 


0.835 


0.65 


1.33 


347 


0.725 




0.525 




316 


0.56 


1.0 


0.512 


2.2 


310 


1.14 




0.755 


1.0 



(Rupture strength for 100,000 hour* extrapolated) 



One of the xa . ny annoying thinga about stress rupture data 
is the scatter in the results. Evans (30), reviewing data on fifteen 
of the older high temperature alloys?, has remarked that the spread, 
nay extend as low as 50jf of the . aximun value, iweeney (21) thinks 
that nost of the scatter in stress rupture data in the literature 
has been due to variation in aging prior to test, variations in 
chenieal analysis, and variations in testing conditions. Accordingly, 
the Haynes - Stellite Company has undertaken a rather comprehensive 
prograst on groups of 64 stress - rupture bare cast from single 
heats. The purpose of this testing program is to arrive at a rJLnirun 
value of stress-rupture eo that the engineer can have positive data 
on which to base his design. A secondary objective is to determine 
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the cause for the scatter in the data. The quick failure of aa 
occasional bucket is a rather serious batter since one fractured 
bucket may cause great damage to the reminder of the good buckets, 
A very distressing situation confronts the designer since after 
the one bucket which has failed prematurely out of 45 - 100 buckets 
has been replaced, the wheel will usually run the full expected 
life. 



Figure 6 shows a spread purposely caused by heat treatsmnt 
which could apply to large and small sections of the sacs material 
water quenched from the aaae hardening temperature. Avery and Wilks (43) 
made an attempt at a statistical analysis of stress rupture data at 
1800°F. Only Id cases vers Investigated and no conclusions were 
derived. 

A cocoon American convention as mentioned previously for 
reporting creep strength is the limiting creep stress for a designated 
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ainiwum (secondary) strain rato* Sappos* tnafc the limiting 
creep stress is 1# for 10,000 hours (0.00G1:-* per hour)* This 
is not necessarily a suitable design stress as the life 
expectancy above 14QG°F at the limiting creep street raay be 
less than a year ( approximately S700 hours)* Avery (46) hae 
remarked that seat ter barris for liriting creep stress and for 
1000 hour rupture stress frequently overlap when plotted 
against temperature. 

A very convenient way to plot creep and >trasa rupture 
data it to do the plotting on one graph as shown in Figure 8* 
Suppose it is desired to know the stress that will produce 0.15 
creep in 1000 hours at 1600°F. Hie stress for these conditions 
would bo given by point P, and then following horisontally across 
to the fracture tin* line for 1600°F to point 9 and thsn down to 
the tins scale, the tine when the designated rate of creep will 
produce failure is obtained. 

A recent paper by Grant and Bucklln (135) does auch to 
clarify in the manner of rending a decision on some of the points 
previously discussed with regard to the stress-rupture test. In 
particular that above paper is concerned with extrapolation of 
stress rupture data* Grant and Bucklin rade a great number of 
stress rupture tests on S 590 at test temperatures of 1200° to 
1900°? and or. 3-dl6 at test tareperaturee of 1200° to 1500°F. These 
rupture tests had rupture times of 0*001 hours (3 seconds) to 
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26,000 hours. Compositional uiu heat treatment variables were 
kept to a rlnicura. The heat treating schedules for these alloys 
were as follows: 

5-390 Solution treat 2275°F for 1 .our, water quench 
For all tests at 1200°P through 1400 P, age 16 to 24 
hours at 1400°F* 

For tests at 1500°P, age 16 to 2U hours at 1500°F. 

For tests at l600°F through 1900°F, age 16 to 24 hours 
at 1350° F. 

S-316 Solution treat 2350°? for 1 hour, water quench 
For all tests at 1200° through 1400°F, age 16 to 24 
hours at 1400°P, 

For all tests at 1500^P, age 16 to 24 hours at 1500°F. 

Figure 9 shows the plot of log stress versus log rupture time 
for S-590 at temperatures 1200°, 1500°, and 1900°F. Figure 10 shows 
tha plot of stress versus log time for S-590 at the saiae temperatures . 

It may be noted on the log - log plot Figure 9 that the data do not 
permit drawing unlimited straight lines. Grant emphasises the point 
that the distinct breaks in the log-log plots should not be interpreted 
to indicate a physical or chemical change which is sharply discontinuous 
but rather a change of physical or chemical nature which has rsached 
its maximum rate of change. These instability points depend on time, 
temperature, and strain rate and nay be plotted to predict instabili- 
ties at other temperatures* 

By means of three plots 

1. Extrapolation of instability points log time versus 
temperature 

2. Slope of straight line portions log slope degrees 
fron horizontal versus temperature . 
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3, Plot of log stress for 10, OCX) hour rupture 
of extrapolated straight line curve# versus 
temperature • 

By using two of the tln-ee curves csentionod above it is 
possible to construct the predicted curve shown on Figure 9 
(dotted line at 1900?). The unused curve above ray '* used aa 
e check on the data figures obtained from the other two curves. 

The predicted curve shows fairly good agreement with the experimental 
curve* 

In looking at the plot of stress versus log rupture life 
Figure 10, it. ia seen that beyond a certain point - tire - street - 
temperature - a continuous curve beat fits ths data. This information 
together with an attempt to extrapolate (temperature wise) curves 
according to the rate theory equation of Hovdek and Kachlin discussed 
earlier shows that rupture data should not be interpolated or extra- 
polated through the use of reaction rate equations* Furthermore, 
beyond a certain point in stress - tine - temperature, stress versus 
log rupture tine can not be plotted as a straight line* 

In plots of "true creep elongation (first stage plus second 
stage) versus tine Grant has shown that this "true elongation" decreases 
with increasing rupture time or decreasing strain rats, whereas ths 
total elongation say or nay not* This first stage plus second stags 
ductility is what is i important to designers, since beyond the second 
stage of creep tolerances nay be exceeded or failure nay occur in 
a very short time* 
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Figure 11 . Plot of typical creep relaxation • (JO). 



CREEP RKLAXATXOK 



Bolts for high lenperafcure service are given the creep 
relaxation teat. In thle teat the designer ia interested in finding 
out how quickly and to what extent the initial elastic strain ia 
converted to permanent plastic strain. The residual elastic strain 
la what keeps the bolt tight. If the residual elastic strain 
falls below tha a inhmm design figure, ths Joint will leak. In 
conducting the test a plot of strain versus tire is rade in which a 
specimen of the alloy to be tested at a given tenperature receives 
a aerlsB of loads which are decreased everyilrae a predetermined 
constant strain is reached. This strain corresponds to the Initial 
bolting stress to which ths stud will be "pulled up" at room tempera- 
ture. Figure 11 illustrates the foregoing. In order to calculate the 
residual or relaxation stress which will resain in the bolt at tempera- 
ture after any given tine period, the logarithm of the secondary creep 
rats Is plotted versus the logarithm of the stress. A straight line 
is obtained and then by wane of a formula developed by Robinson, 
the relaxation stross nay be calculated ( 30 ). 



n - 1 



3 - 




ban 



(n - 1) r Et 



30 - 



*jj. I ' ‘ 

, ~ »»»»■«*. IM, »« 



q-^»- * 1 # wri' at* *'•»' «•-•' ■ , i'" >' % -• i C4I 




ol , Hlv iaiot ait* ' i»s' .•' tii < ail*l 

a xls-'i« ni t: m JJ teener nJlirti* lo 4uL, s »**’ «-i * . ■ Ur^oa 

«07l«»9'i ara/i*^- w b*t 23 s tf» beAara# •« osf ^ »'> »»»-~na*r« 

hafil ->■»*«->. &-iq a a«is . i wpfr. 'io*4> at* •« .. y» i„ «•« ••** a 

XairfXrzI 9*1^ oi obfion»s~-: « iitm'a a-' T «h*‘ •’t.an ai winX* X'^a.foc 
-sctt 3» "q* art .LUm b. srio adi oi e©**xX: gnliiod 

adi •^aDa»Xjbo otf •ffho ®I .jjn2c"*«cl arfrf vfeiimJJiJt SI mr&ft .rstrJ’ 
- v».r^ <#-* $Icd "X a >>•'•* £Xiv ^ol^w m a-tXa muoalu no X*fffci:e**x 
qe* 3 V aiOf^^e! » • Jj**-* •*-'• qcs aJla eutf 

•nil XdtJbrcie A * csvzf* md4 lo •WXaaacI t>dJ asvssv Jol v ei tin 
e cceriid’cS ijd aqoXavsL a/jr-srl a 1© *r^ * - -^rf ■-'•rti Una ftani* Jdo bI 



% 



(C r ) fcai>&>aXao ad *jw 



Xa qoi.tjsx*Xan adi 




3 residual stress in psi 

n slops of log stress - log creep rate plot 
b elastic ratio of s/stem (10) 
s nonlnal stress to cause, creep rate r. 
r nominal creep rate, 10“° ia/in/hr, 

S Young* s modulus at temperature, obtained 
from slope of stress K 
t time for residual stress, hours* 
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SUMMARY 



As was abated at ths outset there is no established 
theory on creep and stress rupture. Actually there is not 
sufficient date of the proper kind to substantiate a theory. 

Most of the existent data is creep data or stress rupture data 
pel' se. The petals and alloys have not been tested with the 
idea of dete raining Just what the creep test and stress ruyturs 
test is or dose, but with the ldsa of finding out the lindting 
creep stress or rupture life of a particular natal or alloy at 
a particular terperatura. Attests to fit n&t heretical forraulas 
to data obtained fron these tests appear tc be of not nuch utility 
principally on the point made above that there is insufficient data. 
The fact that ctreea-etrair., tine, and tenperature must be consid- 
ered simultaneously in discussing materials at high tenperature is 
probably ths big deterrent to the amassing of data. The great 
ntanber of tests run by Grant and Bueklin (135) were on only two 
alloys 3 590 and S 616. The particular findings on instability 
points in this paper refer to S 590 and 3 816. Whether phenomenon 
observed in “mare" low railing point ratals is applicable to the 
snilti-phased precipitation hardened high tenjaraturs alloys, renaims 
to bs seen as studies of structure are correlated with the creep 
and stress ruptnra test. Regardless of the state of the theory 
though, the creep test and stress ru; tine test are very valuable 
in determining suitability of alloys for high temperature service. 
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CHi'vfTc^ III 



STarcTiias 

Variations in structure of a t«stal or alloy causa 
variation in physical properties. Changes in crystal structure, 
solution and coalescence of precipitates at elevated temperatures, 
precipitation of minute particles at lower te-i eraturea, typical 
cast or wrought types of structure, graphitlzation of carbon 
grain orientation, and »rain slse are a seas of the factors which 
Kay be discussed under the broad term "structure,* X-Itay diffrac- 
tion and rjetailographic examination are the principal naans of 
studying structural variations. There is nuch written in the 
literature regarding the relative merits of cast and wrought 
materials for gas turbine blades, Henry (7) ha 3 remarked that the 
designers decision as to whether a wrought or a east part will be 
used is influenced by a number of factors in addition to the 
primary comparison of physical properties. Such factors as produc- 
tion speed, cost, nuaber of rejections, reproducibility, and 
inherent ease or difficulty of processing must be considered. These 
last named factors are economic in nature and are not discussed in 
this report. In fact the primary reason for discussing structure at 
all is to show the effect of structure with regard to the various 
nechanical tests. 

Cross and Sissons (47) working with 46 different alloys 
of Cr - Hi - Fe, Cr - Ni - Co - Fs, Co - Cr, and Co - Cl - Hi faiailies 
arrived at the following general conclusions as to cast and wrought 
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materials! 

X. The east alloys of tha Co-Cr and Co - Cr - Ni base 
typo show better stress rupture strength than the 
wrought alloys at the higher temperatures. 

2. The better forged alloys as a group had better creep 
resistance than the cast alloys near 1350°F. 

3. Cast alloys showed lower impact resistance at both room 
temperature and at 1500°? than wrought alloys. 

4* Cast cobalt - base alloys stow consistently better 
strese rupture properties, than wrought cobalt-base 
alloys. Although cast cobalt - base alloys are referred 
to as relatively brittle alloys at roo*., temperature, 
turbine buckets of this tats rial have been known to bend 
rather than snap off when rubbing contact occurred during 
service test at operating temperature. 

The above statements probably are subject to the particu- 
lar influences of melting, casting, working, and heat treating 
variables. Thus these statements con not be used os herd and fast 
rules, but do supply some useful information. In other words for 
a plant operating under e fixed set of processing variables, ns chard - 
col tests would have to be conducted on the respective forged and 
cost materials to be positive about which has the better properties. 

For example, there were several aging and heat treating treat- 
ments applied to the alloys above (47) • The wrought alloys showed 
beet stress rupture and creep values when tested In the solution - 
treated and aged condition rather than in the as - forged or as - 
rolled and aged condition. Heating from 30 ndnutes to 4 hours at 
2150 to 2300 7 effected solution of preoipitated phases. Quenching 
prevented precipitation of theso carbides or interastallie compounds. 
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Aging at 1350 to 1600F produced precipitation in a fin* lie per* ion 
which on testing indicated increase in high-temperature strength. 

The high temperature solution treatment and aging for those alloys 
cot undergoing phase transformations resulted in considerably 
coarser grain else, increased strength, and lowered ductility. 

Hardness measurements after various aging ti. es indicated that 
after 50 hours of aging there was little change in hardness. 
Accordingly, all test specimens were aged 50 hours at the intended 
test temperature in order to have alloy structure and properties 
that would exist after the alloy had been in service for a time. 

These 46 different alloys of the Cr - Hi - Fe, Cir - Ni - Co - Fe, 

Co - Cr, and Co - Cl" - Hi families (47) all age in the temperature 
range 1350 - 1600?, Sometimes the aging effect is very marked. For 
example vit&lliur and alloy 61 after being aged at 1350°F prior to 
testing had yield strengths at 1000 and 1200F almost double those 
in the as cast state. Cordon (52), Scott and Gordon (110), DobkLn (54)# 
Foley (67)# Grant (75) (76) (60), and Henry (12) are a few of the 
investigators who have written papers in which aging and precipita- 
tion effects are prominently discussed. With reference to iron base 
materials Dobkin (54) has said that the carbide forming elements improve 
elevated temperature strength by formation of a seoond precipitating 
compound after high temperature tuts caused iron carbides to coalesce 
to a degree in which they are no longer very effective as a hardensr. 
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These second precipitating carbides agglomerate slowly even at 
temperatures up to 1800°F and thus remain small, numerous, and 
very effect! vs as a hardening dlapsraion at high temperatures, 

Dobldn states that further proof of the fact that it is the carbides 
of these elements which produce the resistance to softening is, 
that without the presence of sufficient carbon, a considerably 
greater proportion of dissolved high tessperaturs strengthening 
elements is necessary to produea sirllar creep resistance* 

Grant (76) has noted, in alloy 28 V-0 that after a solution 
treatment at 23 OOF had dissolved all of the massive carbides, the 
aging constituent was very uniformly distributed throughout the 
grain, and there is a non continuous agglomeration of a phase 
(unidentified) at the grain boundary. Air cooling from 2300 t causes 
an extremely heavy grain boundary precipitate and less ductility 
than above by furnace cooling* The faet that a furnace cool gave 
the optlanaa structure in alloy 28T-0 is at odds with the general 
net hod of heat treatment in age hardening* Binder (20), for ex&r-iple, 
has noted that the rate of cooling after solution heat treatment 
controls the distribution of the precipitate with respect to grain 
areas and grain boundaries* Accordingly, the rate of cooling should 
be as rapid as possible to guard against excessive precipitate forming 
at the grain boundaries* Also the temperature of formation of the 
precipitate influences the else of the particles of precipitate due 
to relative rates of nudeatlon and growth. This case, then, of 
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Figure 12. Effect of solution troatnonts on rupture 
properties of alloy 2oV-Q 9 ft hour at 
temperature followed by furnace cooling. llo 
aging* (20,000 poi,1500F) (7 6), 




Figuro lp» Relationship between the structural elonente of 

alloys 1COVT 2~2 and rupture properties at JO, 000 
poi and ly OOF <, (77)» 



2 a V-Q and several of tne other vitallluns is one of the 
many anomalies appearing in the high temperature alloys which 
make it rather difficult to cake general statements of universal 
application. Figure 12 (?6) illustrates the decrease in ductility 
accompanying an increase in rupture strength as a function of 
solution temperature. At 2200 F it was noted by microscopic 
studies that the carbides had been partially taken into solution 
and the aging constituent is distributed sore uniformly throughout 
the matrix. 

Aging for 48 hours at 1350 F dsersases the ductility 
(% elongation) of the vitalliua - type alloys as compared to as 
cast properties. (60) It would seem that the hot or cold tensile 
test does not indicats a very important measure of ductility since 
the important factor is the rate of decrease of ductility with 
time. With the stress rupture test, ths aging effects of decreased 
ductility is shown by raking % elongation measurements during the 
progress of ths test. Grant and Lame (75) Marking on four alloys of 
varying compositions which are given below for comparison found that 
all four alloys, as cast, contain at least 3 of what appear to be 
4 distinct phases: 

1. The continuous phase ( a face - centered cubic and 
or hexagonal structure, called austenite). 

2. A globular or dendritic material referred to as a 
carbide. 



3-4 .Two remaining constituents, present in much nailer 
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amounts In part reso olio/ the above carbide 



Alloys 



c 

25 7-0 0725 


hn 

1.0 


3i 


Ni 


Cr 


Co 




V Ta 




V 


S3 


T 




45 a-6 .45 


1.0 




32 


26 


33 


6 




100NT-2 1.0 


1.5 


0.5 


30 


20 


20 


3 


2.2 2 


111VT2-2 1.1 








23 


67 


6 


2 



In ths two low carbon alloys above, massive carbid* 3 constitute 
only a snail area of any cross section and do not fora a complete 
path through the structure. Here the aging benefits imparted to 
the so called "austenitic 11 ratrix as shown by stress rupture and 
creep tests were largo. In the above alloys, ths first definite 
precipitate noticed occurred at 135GF. KaxLaun rate of aging in 
the two low carbon alloys was at 1550 - 1600 F and in the two high 
carbon alloys at 1600 - 1700 F. Agglomeration of the precipitate 
began at 1700 P. At 2100 - 2200 F alcost all of the precipitate 
was back in solution. The carbides were observed to have a melting 
point elightly lower than the rest of ths alloy. The surprising 
result of the above investigation is the discovery that alloys 
differing so much in composition (C .25 - l.l£, Co 20 - 6&£) behave 
so much alike. Iron occurred in impurity amounts to 20 %, Yet the tempera- 
tures for an aging precipitate to form and go back in oolution were 
very close. 

Strain hardening has an accelerating effect on precipitation 
of phases from solid solution. Thus if an alloy is in a supersaturated 
condition, strain hardening brings about precipitation at temperatures 
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where the influence of the precipitate on mechanical properties 
would nonsally be ineffective because of the elow rate of precipi- 
tation* 

With certain high chromium steels, a hard, brittle, and 
noo-magnetic constituent called the sign* phase of ths general 
formula FeCr, but having a broad composition range, tends to form 
in the ferrite of these steels when the steels are heated for a 
tins in the temperature range 925 — 1750?* (67) (12) (l/»6). The 
formation of this constituent in appreciable amounts causes an 
alloy steel to lose its ductility to an extent that aay izaks the 
steel unsuitable for a particular application. Other manifesta- 
tions of the sigma phase are increase in hardening and decrease 
in notch resistance. 

Instability points are the nar.ee given to ths breaks in 
tho straight line relationship of the plot of log stress versus 
log tine in Figure 9. Grant (135) remarks that these instabilities 
may result from one or noro of the following processes* (135) 

1 ."Change from typical low temperature type defoliation 
to high temperature type deformation. This is 
evidenced by the change from slip flow, strain 
hardening, and tranaczystalline failure to essentially 
sliploss flow, annealing, and int erorystalline fracture 

2 .Oxidation and corrosion 

3 .Over aging, agglomeration, and resolution of a precipitate 

4 .Other structural changes such as reorystallisation, with 
or without grain growth. 

5. Phase changes such as the formation of the sigma phase. 
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Figure l4o S- 59 Q, ruptured after 0*016 hours at 75»0Q0psi and 
I 55 OF. Tranaorystalline failure. Eloe.trolytic 
ansaoniuE hydroxide otch. 100 X. (I 55 ) 




Figure 15* S-590* ruptured after 29»9 hours at 60,000poi and 
1200F. Intercryatallino fracture* Electrolytic 
omnonium hydroxido etch* 250X* (155) 



By microscopically examining fractured apeoxaens, Grant (135) 
found that at rupture tiriee irs^ediately to the right of AC a failure 
which oeglne at a grain boundary dirlnishes tha cross section of 
the test bar, increasing the stress and strain rats, and thereby 
causing the remainder of tho bar to fail in a trar.scrystallins 
manner. According to Grant this night uh* it appear that the 
failure was trwis crystalline, but the presence of frequent grain 
boundary era©! a at the surface of the specimen in these instances 
indicates the transition to high temperature type (grain boundary) 
of deformation and failure* Figure 14 and Figure 15 illustrate 
tranacrystaliins failure at a rupture time to the left of AC and 
intsrcrystalllne failure at a rupture time to the right of AC on 
Figure 9. The second series of breaks in the curves, of which only 
two breaks, K and F, are shown, is attributed to the start of overaging. 
As in the case of the breaks at AC, the breaks KP are shifted to 
shorter tir.se with increasing temperature, (F at 1900®? to the left 
of M at 1500°P,) 

The third set of breaks indicated by point Y at 1900 F, fro* 
an examination of the ssicrostructure of failed bars, is probably due 
to several factors. Oxidation is showing its effect. Decarburization 
is noted at inter crystalline cracks. 

Badger and Sweeney (45) have suggested the 4*vslopoent of an 
alloy which would not exhibit some of the problems due to aging that 
have bean described above. 
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There arw sos-.e structure in carbon sad low alloy steels 
that hare not been fully identified (63). It is stall wonder 
then that the precipitated compounds in the high temperature petals 
have not been fully determined. Metallocr&phie examination of hot 
natal surfaces is proceeding as a result of the building of special 
»iero#ca{>es ♦ Instead of the essential optical components of the 
objective being lenses, these comionenta are mirrore (74). The 
real inage of the subject is projected on the stage of the 
microscope (?0), In this way, the optical system may be protected 
frot. radiation fros, the material being examined by moving the optical 
system to a greater distance from the subject. Long heating runs can 
bs condensed into a short period of time of viewing by taking motion 
pictures and then naming the film through the projector at varying 
epeeda (70)* 

X-Ray methods have been used and are being used to study 
structures of the high temperature alloys. The crystal structures of 
10 wrought heat resisting alloys at slevated temperatures have 
been compared with their crystal structure at room temperature by 
J. II. Xittel (69). The alloys studied by means of a Geiger - counter 
X-Ray spectrometer modified for high temperature use were S-616, 

S-590, Hastelley B, 19-9 W-Ko, N-155, 16-25-6, K-62-B, Inconel X, 

K ironic BO, and type 347 stainless steel. All of the above alloys for 
example, except 19-9 W*+k> retained their roo temperature crystal 
structure up to a temperature of Id 00 Pi 19-9 W-;'o transformed from 
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a two phase fixture of B. C. C. and P. C. C. to a single phase 
of F. C. C. between the temperatures of 1400 - 1450F. Thermal 
dilation studies were rade up to 2150 F on these alloys. Kone 
of the alloys showed discontinuities ascribable to a phase change. 

By aana of the X-Ray diffraction apparatus in conjunction 
with a Oei^er - hulier counter indicated above, it ie possible te 
detect phase changes taking place in a tine of one second (66). 

Recently an X-S&y diffraction Investigation was rad* ef 
the minor phases ©f 20 high temperature alloys (65) . The identi- 
fication of these minor phases in an alloy is important in determining 
the distribution of the elements of the alloy among the phases since 
knowledge of the manner in which a specific element is distributed 
among the various phases of an alloy will aid in the evaluation of 
the function of that element in the alloy. This information would 
also help in selecting the percentage of an element required in a 
new alloy containing the same types, but not the same quantities 
of minor phases. 

In this work, the minor phases were concentrated by electro- 

lytically digesting the alloy in a bath of a reagent that selectively 

dissolves the matrix. The residue deposited on the bottom of the 

bath is highly concentrated in minor phases. If several specimens of 

0 

an alloy are subjected to electrolytic attack by different reagents, 
each reagent will dissolve the alloy phases in varying amounts or 
proportions. Since these phaoe3 j resent were unknown, 12 reagents 
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vs re used In an effort to concentrate each of the uinor phase* 

&e a residue i:. at least one reagent. By a coin,- orison of the 
patterns of the several residues obtained! it was possible to 
Identify the phase by the presence of it 3 interference lines. 

In this canner the following minor phases were determined: 

CbC, C bh ^ Tj-Cj ii»5» Or rj , C„ ! Ko 2 ^C^j and Mo^C. All residues 
were not identified. Huch wo rk renains to be done in this 
field. 

Usually the ductility ( elongation) of a fine grained 
material is superior to that of the coarse /.rained material 
regardless of tins of tasting, (11). With regard to creep strength 
and stress rupture strength though* the coarse grained material 
usually shows higher values than the finer grained, Clark and 
Freeman (7&) found that coarse grained 10-12 Cb, 25 Cr - 20 Ki, and 
25 Cr - 12 Ni were much stronger than their fine grained counter- 
parts, Grant (60) has said* as a result of the examination of count- 
less failures and near failures, that rupttures can originate inter- 
nally or at the surface. Initially, it is elated, all failures 
start at the grain boundary above a certain temperature. Thus the 
less grain boundary mterial there is, the less is the jrobability 
of the initiation of failure. 

Grant (77) ade a study of the relationship between the 
rupture properties and the structural elements in alloys of the 
Co - Cr - !io - Ta system. The neah nor ber and the grain size of the 
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various specimens were aoten ined, f esh nu bor Is taken as the 
number of carbide intersections at a magnification of 400K with 
a gage length in a micrometer eyepiece of 0.04 inch* The number 
of carbide intersections with the gage length is counted in several 
different directions* Vide differences in mesh nuj bar can be 
obtained depending on grain orientation and the manner of cutting 
through a particular dendrite* Figure 13 illustrates the relation- 
ship between grain sise and mesh number and the rupture properties 
of alloy 100 VT 2-2 at 30,000 pel and 1500 F, If the rmxiisun hot 
ductility (Q%) is desired for a particular application, it is 
noted that 200 hours rupture life nay be attained with this ductility 
at 30>000 psi and at a temperature of 1500 F. To get these properties, 
then, in a £* diameter test ssction (for which the graph was plottsd) 
it is necessary to have 19 carbide intersections per unit of gage 
length with about 16 grains in the entire section* There are a 
number of things to be careful of when evaluating the above work. 

Grant mentions that the work involved only small sections where the 
mass of the natal is small in comparison to the mass of the refractory 
material of the mold* There are no souse of columnar crystals which 
give way to equiaxed crystals at the center of the ape circs n as right 
be noted in large sections* Round cylindrical specimens and molds 
were used* Sweeney (21) amongst others has rerarked that grain sise 
and grain orientations in a cast turbine blade are much different than 
in a round specimen* Cross and Simmons (47) tested diamond-shaped 
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specimens with snarp edges and thin sections approxL.aT.Ing thoee in 
a t urbina bucket. The diamond shaped specimens showed rupture 
properties in the lower portion of the range shown by the round 

test specimens. 



Grant further remarks that the materials used were 2 or 3 
phase alleys. What the effect of single phase material would be 
is not known. 

Although a coarse grained material is desirable for great 
strength at high temperatures due to having least grain boundary 
area, grain orientation beconas a very Important factor. Grant (42) 
by raising the temperature of the molten ratal and the temperature 
of the mold several hundred degrees cast a 1 % C vital livaa specimen 
in which any cross section of the .250 inch dianster specimen was a 
single grain. A particular specimen gave a rupture life of 1500 hours 
at 30.000 psi and 1500 F. Other specimens cast under the easts conditions 
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showed rupture times of 1G0 - 300 hour*. The grain orientation 
of the 1500 hour speciron was ideal whereas the other bare had 
grain orientations which permitted early failure along the grain 
boundary at angles approaching 45° due to shear stresses. Sine# 
the control of grain orientation ie strictly a function of probability. 
Grant (42) (77) reoonrsende 12 to 16 grains per i" cross section 
for Uf C vitalliw alloys in order to get sons reproducibility in 
strees rupture properties. In the case of 12 or 16 grains per l" 
cross - section only 1/12 or l/l6 of the total strength or weakness 
is due to a perfectly oriented or poorly oriented grain. 



It ie difficult to evaluate the effect of a particular 
alloying elerent per ee on mechanical properties of an alloy unless the 
structure of the material remains essentially the same before and 
after the Incorporation of the particular metal into the alloy. 
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Thlf is to say that j/«rh ape a phase change or precipitation came 
about at a result of adding the ratal* Therefore the question may 
be added, "Is the increase or decrease in the mechanical property 
due to the phase change or precipitation cr to the inherent 
alloying effeot of the netal addition?* This question say readily 

be answered for steals tested at room temperature by using another 

\ 

alloying element which accomplishes the same change in structure. 

Usually, it will be found that the structure change is the predomi- 
nating influence on the mechanical properties although the order 
of magnitude of the change will be related to the particular alloy 
addition, and the amount of the alloy addition needed to effect the 
structure change will depend on the particular element, nevertheless, 
there are several general statements which may be nade regarding the 
effect of certain elements on stress - rupture properties, for example. 
Grant ( 1 * 2 ) ( 34 ) with a close control of the structure of the alloy 
has noted the effect of carbon in about 8 different alloy systems and 
the effect of tantalm and nickel up to 8 % in vitalliuw alloys. 

Cross and 3innons (47) have noted that the addition of about 20 % 
cobalt to Ni - Ch - Fe alloys increases the high temperature strength 
markedly over HI - Cr - Fe alloys without cobalt. Grant (42) also 
noted that certain cobalt base alloys gave higher high temperature 
strength than certain chrooiur base alloys. In general, most investigators 
agree that cobalt increases the high temperature strength of an alloy. 
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Figure 17, Effect of carbon contont on tho 50,000 psi rupturo 
lifo of Ili-Cr-Co-Fo baoo alloyc at l^OOF* ( 60 )« 



Guy (31) .has conducted a survey of 100 Jour and 1 j 00 hour 
rupture strengths at 1500 ? on nickel base alloys in which 
aluminum, molybdenum, and chromium were varied. This paper has 
a number of plots illustrating the effect of alloying elements on 
the stress rupture strength* Figure 16 is one of these plots showing 
the effect of alurdnm content on the 100 hour rupture strength of 
alloys containing 5# chromium and 5* 10, or 15# molybdenum* 

In Figure 13 was indicated the relationship between rash 
number and rupture strength and mesh number and elongation. Grant (77) 
found that the carbon content (.40 - 1.2Q#C) does not control the 
carbide mesh spacing in Co - Cr - Mo - Ta alloys, but controls only 
the amount and massiveness of the carbide* With Ni ~ Cr - Co - Fc 
bass alloys. Grant (60) found a straight line relationship between 
the log of the rupture life and percent of carbon. In Figure 17 (60) 
is shown ths effect of carbon content on the 30,000 psi rupture life 
at 1500 F* The lnere&ee in rupture strength with increase in carbon, 
the peak in the rupture strength, and the decrease in rupture strength 
after the peak tz ay be explained on the basis of changing structure 
as shown by mstallographic studies* As the carbon increases, the 
ratio of volume of carbide mesh to matrix increases. Finally, the 
carbide reeh assures a large enough proportion of the volume of the 
alloy to carry ths bulk of the load* At a certain carbon content 
the carbido mesh structure becomes too massive end or continuous. 



TW OGCI bac <4Ji‘ 1, . < «*o L* 't •■< 

ilalriw .1 JTC^ilo L~<t' « ' •.(.’■■ •. *.'• • 

tlAd injoq aid? . •'!• .• '• . •• ■ — **» ;»»• *I«. U 

j#2xaXls <*>*2 1* «. < fee •' ; • i > i«o wj * 

;i. ^ ty *XoX. atarii lo mo ai dX ax'j.’l .d*nx •.% a*-?. .*«>.• 

lo rU’jnaUa #t£ir.>>fi£ *u*«' AM! «w!,t no XrWi**) A* te it*. - !* ••■»♦ 

, i-aobis-. r-'.L t *GX * U»* .*' ri . >? j- > W • Mnc - »IX.» 

rio«r r«*r?od qii'iui^l^Xai ar.J fe*t»o££ujt • £j »: 

(VT) inrrO ,p .• » >v >'oXo una *r*^ vfi r*** i*i* tvro*r* t*-v -. •■ *«.n 

#»<X L*r > :> croe ,b=fi »• * f ' (d|L£.X - .} » • : v 1 *.rc: 

xXno tlcrxJooe ii/d t e-;oIX* a 1 - r*< - rrO - <*•0 •«! x - '- o* : » .•* * rtjMstp 
o'? - o3 - -v - t* dJ& ,*“» , cf- n ' «ii lo 6f *» -a. • 

mvJjJ 4 i i*k( oaXX a t-'nrv' (0 * **-■«* 

(0*) tX •’1:1*. aI ,n Jtuso 1q inaor frn- *1 2 *"*uJm* •*/ lo .©X *di 

•rtJX •‘Itfjvan J* * 0c*c t 0£ adJ JO Aar^ua la »«’ 1» +'S '•of'.* *i 

( no*tw ait ••■trxo 'l dtfiv tM&'urtJa otvdvt *1 ?'-•**» . .I 005X i» 

«W* arJ*. one t *lk *«**io»b edi b«". twi^ 2 's-q ali 

• ^i.ukla lo «X»*rf adi no ’co taXT--* :** - 1 
PdS ,•* J X n#tfn a •: • , *r tfcn.- * *>/.’- (TTi • it- 10 iWOi'A • 

^Liai‘5 ,e*e*»Tv *i til.**" of '-t: a* ld*.-o lo »^'Ir»r 1« 
odi lo *»-'£civ odi lo ‘.pikX ? ^or *l*i- - -a 

Xr.ainoc ?oes ■‘J.s&tpo • •*.. ^ol to *X: -w * • :oiX* 

*«tfounXJ .- • bn» ti traria**'*^ *• • >. 



Beyond this point the rupture strength begin* to fall off. 

The very sketchy treatment give to structure above 
1* by no leans ccrplete. The iris&ry . urpoae of discussing 
structure was to show the effect of structure on high temperature 
properties, particularly streee rupture * Kuch work renaine te 
be done In the nanner of sorae of the papers mentioned here. At 
the present tiis, there is not even sufficient experlasntal evidence 
to mke good qualitative or ar.pirical obserr.it tons or decisione. 
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Fifmro 19 » (7?) Tho relationship bctvroen tho structural c 
of alloys 100YT2~2 (as doterninod by variable' 
120 tal pouring tcnpcraturo ) and the rupture 
at p,000 pal and l^OOF* 
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In the section on structure sons mention ii*s oeen juat 
about the influence of msltiag and casting variables on tl*e 
micro structure and consequently on the physical properties of 
sods of the vltalilum alloys < A few additional reuurks ore added 
here. 

Groat (77) has reported that occasional cost high tessera- 
ture, high strength alloys of the Co - Cr - f'o - 7a type failed to 
show reproducible rupture properties by yielding either excessively 
high or low test data. Accordingly a test program was initiated to 
study the effect of mold preheat and metal casting temperature on 
the rupture properties. Figure IS shows the effect of increasing 
the mold preheat teeperature on the 3*3*000 pei - 1500 F rupture 
life and elongation in alloy 100 Vf 2-2* Rote the wide spread of 
rupture life values with no Id preheat temperatures greater than 
1950 F. 

Grant (76) found that the number of grains per section decreases 
with increasing netal tersperaturo while the carbide spacing remains 
constant. The above is reflected in figure 19 which amar arises the 
relationship between the structural elements of 100 VT 2-2 (as determined 
by variations in netal - pouring temperature ) and the rupture proper- 
ties at 30,000 psi and 1500 f . 
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liuch work reualna to be done in the investigation of the 
influence of processing variables on physical properties. The 
Statistical Research Group at Columbia University under an KDAC 
contract, could find no correlation in vitaliiuai aanong cor.positlon, 
heat treatment, rupture life, and ductility on the basie of data 
obtained froai various sources. This failure has been attributed to 
variations in sold and natal temperatures. 

At Allegheny Ludliar Steel Corporation, Brackenridge, Penn- 
sylvania (104) aelts of S-53S, S-590, 8-816 are cade in a 2js ton or 
10 ton basic electric arc furnace. The heats are finished under a 
basic reducing slag and are poured at 2700 - 2900 F into big end 
up wolds 6-16 inches square weighing fron 400 - 3200 pounds. In 
order to secure sound ingots a non consumable electrode ore has been 
successfully used to keep the top of the ingots hot. These data 
are Included in order to naks a comparison as to size in oocstercial 

i* 

applications with the precision investment casting (soretieee ,25 
cross section) used by Grant in the experiments outlined above. 

Beat Treatment, Working. and Fabrication 

Disc Material must be forgeable and buckets, if wrought buckets 
are to be vised, uust be amenable to wor'.dng or machining, All of the 
high temperature alloys are difficult to hot work end to hot - cold work 
in the range 1200 - 1700 F because of their high temperature strength. 
Thin fact ie one of the principal problem in the development of high 
temperature wrought materials. Freeman, Reynolds, and White (46) 
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Figure 21* (20) Effect of hoat troatraont on elongation 
of IT-155 alloy at 1500F under conotant 
streoc of 8000 poi* 



found that it wao difficult to reproduce commercially the degree 
of hot - cold work on experimental bar stock. The effect of & 
given heat treatment on light sections nay be radically different 
than on a heavy section. Much of the data accumulated to date 
with regard to working has been obtained from controlled 
experimental conditions on small bar stock. 

Hoat treatment has been mentioned earlier with reference 
to solution treatment and to stabilising heat treatments at tempera- 
tures above that of service temperature. With some materials, it has 
been noted that better creep and stress rupture properties are 
obtained when the material is stabilised at ssy 1350 F for eventual 
use at 1500 - 1600 F. 

N-155 is probably one of the Most widely used forgeable 
materials for the wheels of gas turbines. The effect of 
hot - work on the elongation of N-155 alloy at 1500 F under a constant 
stress of 8000 psi is shown in Figure 20. The resistance to creep 
nay vary widely depending upon conditions during hot working. let, 
by glancing at the table below, it ray be noted that ncne of these 
conditions were abnormally different (20). 
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1475 - 1525 
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34 


39 


36 


1300 


760 








1680 


564 


36 


44 


30 


36 1600 


1200 



Iu Figure 21 is illustrated the elongation characteristics 
of the ears aeries of alloys shown in Figure 20, The heat treatment 
for 1 hour at 2260 T and air cooling has eliminated the extrene 
variations observed in Figure 20. 

The extent to which strain hardening nay be utilised to gain 
strength is a function of the temperature of operation and the composi- 
tion of the alloy. At temperatures above the recrystallization or 
recovery temperature (recrystallization temperature is dependent on 
tine at temperatures and percent deformation) of the matrix, prior 
strain-hardening of the aetal is detrimental as it increaass the rate 
of creep, whereas at temperatures below the recry stalllzation tempera- 
ture, strain-hardening processes are helpful. Many of the recently 
developed high temperature wrought alloys recryotallise near 1350°F. 

(% deformation not specified) 

Grant (33) in the course of preparing Ki-Cr-Co-Fe base alloys, 
noted that certain grades were totally unforgeable. All of these 
unforgeable alloys contained tantalum plus colur.biua free 6/01 to 
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9 ,32.*, Doth of the so elements ere very strong carbide and nitride 
formers and it is the presence of these brittle phases in a 
continuous nature in the austenite catrix which causes failure during 
forging. Subsequently it was found that alloys containing greater 
than h% of either Cb or Ta alone wore forgeable* More tlian 5% of 
combined Ta plus Cb should be avoided in trying to produce a forgeable 
product where nitrogen and carbon are present in amounts normally 
encountered in these alloys. Grant found several other alloys 
which were unforgeable, but these alloys contained carbon greater 
than ,35* and in certain instances titanium 

At Allegheny Ludlun, surface conditioning of forgings is 
carefully done between reductions on 3-560, 3-590, and S-816. 

To develop the best high tenperature properties, the alloys require 
a double heat treatment. A water quench from 2150 - 2250 F is followed 
by an aging treatment at 1400 F for a minimi® of 10 hours, 

Kagnaflux, Zyglo, ultrasonic, and X-Ray examinations nay be 
used to insure that forgings are sound. 

According to Fonda (112) the most important consideration with 
regard to turbine discs or wheels is ductility and the best t.ethod of 
obtaining sufficient ductility is by proper control of grain flow during 
the forging operation. When it was l'ound that the ric.s of very few 
wheels reached or exceeded the bursting speed, it was realised tliat 
the center rather than the rir was the critical area. It ie very diffi- 
cult to control the "quality” of the center of a large forging. 
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In rolling S->oo, J-590 und o~bl6 it waa founu tliat "ham round" 
passes which avoid corners and give a^aJ L reductions in area per 
pass hai to be used. Rolling vas done at slow speeds. In machining 
the above alloys (7) it was necessary to use suifurised cutting 
oils, reduced speeds, very sharp cutting tools, and continuous 
cutting. About the best all-around condition for machining appeared 
to be a partially - aged stats as produced by holding the solution 
treated stock for 1 to 2 hours at 1400 P. Speeds used in turning 
were 19-15 feet per rinute using high speed tool steel. Drilling 
ie the Rost difficult operation with these metals. The speed of 
drilling trust be slow. Turbine blades have been machined from 
rhov.boid eectioaa of S-590 in a partially aged condition. 

Schmidt (114) hao reKarked that there are two ways of 
rilling high strength material to obtain reasonable tool lifei 

1. Reducing cutting speed and fesi and cooling the 
cutter. 

2. Increasing the cutting speed and feed, but pre- 
heating the workpiece to 1000 ? - 1500 F. 

Cara must be taken to provide protection against heat flow 
frea. the workpiece to the csachine. Protection can be afforded by 
insulating with asbestos or by circulating a coolant in the table 
or fixture. 

Chlshola has said (82) that the following factors -ust be 
considered when welding high temperature alloyet 
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1. Lltlr.aU: bendlle strengtn and yield strength at 
room temperature 

2. Coefficient of expansion - for cost of the high 
temperature alloys is >0% greater than that of 
mild steel. 

3. Heat conductivity is only£ that of low carbon 

steel. 

A. Electrical resistance in work iiardened condition 
is greater than that of carbon steel for most of 
these alloys. 

5. Fo rated and work hardened parts should be annealed 
before welding. 

Blades have been welded to discs and discs have been 
welded to each other to form tho complete rotor. The principal 
difficulties iiave been notch extension cracldng and weld retal 
bead cracking. Notch extension cracks are cracks , initiated at 
the Junction between buckets, which propagate in a radial direc- 
tion across the weld joints. Weld metal bead cracking is longi- 
tudinal cracking in the center of the deposited bead, or sporadic 
intergranular cracking, 

Linnert (f>3) found that combinations of disc and blade 
material with the least susceptibility to extension cracks showed 
little difference when welded by siiteerged arc or by coated electrode. 
The shape of the subnerged - arc deposit appeared to influence 
combinations of alloys which were sensitive to extension cracking. 
Wide beads with tapering sides cracked t-ore severely than narrow 
beads with straight sides. Linnert further found that preheating 
had no influence on the severity of extension cracking. Weld metal 
micro structure eonaistlng simply of auotenite showed practically 
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n» susceptibility to extension cracking, often snail pools of 
co- pi ex carbides and other compounds were present in the structure, 
an increased eusceptibility to extension cracking was present. It 
was found i that the junction between buckets function as seinute gaps at 
the weld joint and reduce the thermal flow f ro . the weld aetal opposite 
these junctions. This slower cooling rats induced scxa compositions 
of weld netal to produce pronounced stringer - like segregations 
extending from the base of the junction notch. Thus Joint design 
is very important. Henry (?) has said that the characteristics of 
welded joints in these alloys are so dependent on the design of the 
Joint that it is difficult to assemble any basic data of value. 

Cross (i»0) and Williams (80) found that interbucket notch extensions 
occurred even in readily weldable material when the design of the 
weldment was such that unavoidable notches cceur at weld interfaces, 
transverse to the direction of welding. 

Cor pwrison of the composition of weld metal deposit with crack 
susceptibility is very difficult since composition of the deposited 
aetal could not accurately be determined, Voiding electrode materials 
are available with balanced analysis providing for co position chanre 
during welding (89) (84). In many cases, however, electrode materials 
of dissimilar cowjjoeition nay be used for joints in order to secure 
stronger welds. 

Weldability testing in this field is similar to waldability 
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testing in eneral. There ire as san;.* different tests as t tiers arc 
applications , Harris arid Clivor (S5) have outlined a test procedure 
which the;.' applied to flash butt-welded die us and straits. The 
criterion of a successful veld vas wi.ether the tensile strength 
across the weld ver close to the tensile strength of the draft 
material (which va.i the weaker nenber of the disc - shaft pair) 
and whether the fatiguo resistance of the weld Junction was close 
to that of the shaft. Kicronco] ic examination of the weld junction 
was also done at 101, Any weld junction which showed core than a 
certain amount of oxide filr. at the vald was rejected. In addition 
a torsion test wan run on the Material in order to see if cracks 
forced on twisting under a certain stress. 

Lardge (51) las mentioned sailing teat pieces, confoning 
as nearly aa possible to the weld in question, sxnu then raet allograph!- 
cally and radiographically inspecting theti. The test pieces were 
given tensile tests in order to determine the weld strength. Thus 
no at of the weldability tests are a todified service test. Data and 
results from one of these tests say not be applied generally since, 
as has been seen, joint design, material, and electrode Material 
are controlling variables . 
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Fany investigators have said tliat the tensile test 1* 
value less as a eanure of Ion time }«rfonrance at high temperature. 
(115, 60, 29). Freeman and others, va>rk±ng with Tinken 16-25-6, 
low carbon 19-155, ^ 590, S-dl6, and inoonel X found no consistent 
relationship between tensile properties and rupture, creep, or 
streas-tiMi for total deformation characteristics. Oillett has 
said that short- tine high tewperaturo yield strength tests reveal 
nothing about creep behavior* Under conditions of stress and 
temperature in the tensile test where rearnt* of strain-hardening 
remain, metals do not "settle down" to a consistent creep behavior(27). 
On the other hand Evans (30) and Henry (7) have said that the hot 
tensile teat does furnish useful information for hot working or hot 
forming operations. For eiwr.ple warning of ter;>erature sor.es in which 
the alloy hao a tendency to becoiie brittle say be obtained by points 
or data which are radically removed fro- the contour of plotted curves. 
Bobrowsky (14) found an appro xir ate correlation between *odulu3 of 
ruptxire and chort-tine tensile etrer.rth based on results for brittle 
sia tori ale ( ceramals ) at a number of laboratories, FodiJ-us of rupture 
is defined a* the calculated raxiwuw irtress in the outer fibers of the 
specimen at fracture. The 3hort~tire tensile strength of the 
specimens (TiC with varying proportions of Co, W, or !o) was found 
to be about 0.4 to 0.6 of the Modulus of ru t Auro. 
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In any fiUacussian of tensile testing, the nodulus of 
elasticity le brought to siAnd. Mack (99) has listed the following 
points dealing with the Modulus I 

1. For any element, th® modulus is a function of 
atoesic volur.e, melting point, ani the tacperar. 
tune. 

2. Crystalloyrap v ic effects seem very important 
because of elastic anisotropy. 

3. The r.ouulu3 decreases with increasing temperature, 

4* Cold - working reduces the eodulus while stross - 

relieving and process anneals tend to increase it, 

Avery and Wilks (48), working tilth cast 26 Cr-23 Mi alloys, 
found that in the conventional tensile test at high temperature the 
value of the modulus was considerably affected by the speed of 
testing. Cross and Simons (47) and Uadgor and Swcorvey (45) working 
with vital! Ira type alloys found a variation in the modulus of elasticity 
with the grain size. In the table below (45) note the narrowing la 
the variation fros eaxiiaur* to crlnisam as the grain sice decreases. 

This is explained on the basis 



Actual Average 
Grain Dianeter 


A.S.T.K. 

G.S. 


Max. 


KoduLue of 
} In. 


elasticity, pai 
Average 


0.003 


5 


36,900,000 


35,470,000 


35,980,000 


0.012 


1 


35,200,000 


31,250,000 


33 , 120,000 


0.050 




40,600,000 


23,400,000 


31,(00,000 



of grain orientations. With a fewer number of jruino(la.i\.er 'rain size), 
thero in a possibility for greater variation in ter.silo properties since 
each grain is responsible for a ;re&ter percentage of the total strength 
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ol‘ the cross section, whcroAS with a fine grained n^ciaar., each grain 
is responnible for only u sxall part of tho total strength of the 
cross section. 

ilobarta and liortcliffe (91) have used a dynamic method for 
ensuring the modulus at high temperatures. In measuring the 
modulus by usual static Eietlioda with the tensile test at high tempera- 
tures, £,rtat difficulties are encountered since only small stresses 
Kay be uaed if creep in tho specimen in to be avoided. The corbination 
of using very steal! stresseu with consequently small strains loads to 
the possibility of making eoqjerimcntal errors of large magnitude. 

In the dynaslo ..othod, a cylindrical bar of the metal is caused to 
vibrate transversely %/ith its fundamental frequency. Proa- the 
frequency agd the mass and dimensions of the bar, Young* a tsoduI.ua aay 
be calculated (formula not given). The results showed a decrease in 
Young* s modulus with temperature. The value at 1100 P for 
3C - 2,25 Ni - ,39 Cr - ,4 Ko was 3/4 of the modulus at roon tempera- 
ture. 

Hardness may be correlated with tensile strength of steels at 
roow temperature . dvans (30) has said that hot hardness ie not needed 
for cost high temperature applications (exception valves). Besides, 
this property does not correlate with tho other more important prop- 
erties such as stress rupture and creep, Parke and (44), how- 
ever, in Baking a selection of promising materials tor use as gas 
turbine blades for temperatures up to 1600 F used hot hardness as a 
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priauiry lest on the basis that the harder materials had *j*extvr 
creep strength. 

In tension testing at elevated temperatures the following 

points must be considered: (126) 

1. Method of heating specimen 
2* Koauurestent of specimen temperature 
3. Measurement of extension 

a, elastic range extensooeter 

b. pla.stie range cxtenso-<*ter 
4* Measurement of load at fracture 

f.ost laboratories at the present ti e do not get the yield 
strength in el tort time tensile tests at elevated temperatures because 
they are not equipped with extensor-jeters for high temperatures (21) 

In the static method of hardness testing at elevated tempera- 
tures, a Vickers hardness machine employs the regular loading device, 

K vacuun chamber protects the test specimen, the diamond indentcr, and 
the heating element , The impression in the specimen is read by means 
of an optical system. The apparatus nay be used up to 1700? (125)* 

Risbet (discussion to 125 ) has said that if the rupture test data are 
plotted on linear coordinates rather than log - log, the rupture curve 
falls very fast, with high loads and short tiros and becomes very 
flat with low loads and long tires. It would therefore by very 
difficult to predict the horizontal part of the stress-rupture curve from 
short time data which fall on the almost vertical part of the curve. 

Instead of a slowly airplied load, the dynamic hardness tooting 
method uses a failin' weight, a released t> ring, or a blow by a 
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pendclum or banner to produce the indentation of the test 
piece ( 124 ), The hot working atresseo in foiling, cog.jlng, rolling, 
extruding, drawing, and pressing are cany tic* a faster than those 
applied in the static tensile and hardness tests. The differences 
in etatic and dynaric hardness versus tenporatiire curves shows 
that the static method does not necessarily tell the correct 
resistance to plastic forming at rapid deforriation speeds. In 
extresse cases, the maxiiiun of dynanic hardness coincides with a 
edniiMRt of static hardness. By gradually increasing the deformation 
speed in Impact torsion and hlgh-3; oed tension tests, the maximum 
yield strength and the ultimate strength of iron and steel are shifted 
to higher temperatures. Thus in order to get a qualitative estimate 
of conditions which cay be expected in hot working the dynaiuie 
hardness test at elevated ter.peretures is acre appropriate than the 
static riardness test. 
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fatigue atr’j.igtii ebon not Appear to tx in is.j ortant issue 
At high ta»| J «ra.tur<Mi ( 63 ) (27) (17) (11). Oillett (27) ha* Mid 
that la O44i«0 in which a ion*; service life la inherent In the 
design the loo-la which produce the low limiting creep ratea end 
total defoliation *re const lorably lower than the endurance licdt. 
Therefore creep rather than fatigue iy the controlling design factor. 
This relative uriijn/ortance of fatigue strength ray be due to a 
decrease in the notch sensitivity of the steels with rising toeperature , 
In tliose cases In which a very lii-ited service life is the 
basis for design, resulting in high loads and appreciable allowable 
deformation, stresses which produce fracture in 1000 hours are socetiDes 
of the sac-e order of ungnitude as the endurance lisits and therefore 
fatigue r.uefc bo considered. It is not known hew • uch :xire irportant 
surfiu&e condition beeo 'ma when fatigue jtreeaos aro the controlling 
•tresses in deju\a, nor is there any measure of the role played by 
alloy cot. ;?onitton in connection with ourface sensitivity. 

In Ran/ nigh temperature fati.jue tecta, thorn ie no apparent 
tendency for stress - cynic graphs to level off and develop an apparent 
endurance U«it (2?) (30) (11), 

With reference again to tho decision as to whether fatigue 
strength or creep la tho suoel it 5 orient variable— if the fatigue 
strength and yield strongt.. deter JLnsd by varloue mean static stresses 




2*ibution 



is determined at various temperatures, it is found that at low 
temperatures the frtigue strength is always lower than the yield 
point and at high to~,.eraturea the fatigue strength ie higher 
than the creep limit. (17) There is an intermediate temperature 
at whi ch the static yield point and the fatigue strength are 
identical. This temperature varies with the definition of the 
creep Xlsdt and the frequency of the load reversals applied when 
deteraining the fatigue strength. This temperature indicates the 
transition fro: brittle fatigue fracture to extension by creep. 
Therefore the engineer has an indication up to what temperature 
fatigue strength is the criterion of tho rautifirun perrJLsaible street, 
and beyond this temperature where creep liiAt is the criterion. 

In ’Igure 22 ie shown the state of stress in a blade at various 
positions of the bladu compared wltu the tea;, er&ture, fatigue licit 
and creep limit. The outer part of the blade ie almost the sane 
temperaturo us tho impinging gasj the root of the blaae teay be about 
100 - 200 K cooler. Tho crocp otresigth at the root is higher, but the 
fatigue strength may be lower than at the blade tip. The cocbined 
otatic and alternating etreeeee are ligh.es t at the root. Therefore 
it is possible to have a situation where the permissible stress Is 
lower in the colder section of the blade. If transverse vibrations 
of very high frequency arise, the highest ctreeaes will tlien be at 
the tip of the blades. 
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Turbine blading is required t© withstand a steady 
centrifugal stress , a steady gas bending stress, and complex 
fluctuating streceoa. These fluctuating stresses are the 
result of aerodynamic buffeting of the raring blades fron the 
preceding row of stationary blades which may set the blades into 
vibration with a peak noveaoirt at resonant conditions when ns. ah 
moving blade receive# successive blows fro?, each stationary- 
blade. A flutter phenomena may also occur at the trailing 
edge# (4). 

In order for a fatigue testing isachine to iaitnto the 
stressing of a turbine blade, it would bo required to exert 
eln ultaneously a unifor.** tensile load, a unvfom bend load, and a 
fluctuating bend load at frequencies of several thousand per second 
at temperatures exceeding 120QF (129)* It is usual to design or. the 
basis of only steady stresoes using the elastic theory and creep 
data. 

Since tnero is insufficient infornation available for the 
designer to base hie design on fatigue stresses, he insures that 
the possibility of fatigue failure is nado remote at the expense of 
lightness and aerodynamic efficiency. This explain# why no special 
effort has been rale to develop new turbine alloy# of which the 
priue function is the ability to withstand fatigue. Alloy Manufac- 
turers feel that a sufficient amount of fatigue resistance accompanies 
E^teriols of high creep strongth (129)# 
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Host fatigue tasting simply indicates one alloy to be 
*»re resistant than another to vibration in general. The 
current jeathods of fatigue testing can be divided into two 
main clasaifi cations. The first is the vibratior test in 
which the sain objective Is to find the natural frequency of 
the finished component, The second wathod is an attempt to 
establish the endurar.ee lirit of the raterial when subjected 
to conditions roses ‘oling a service test. 

Various fatigue testa in use now are: (130)(131)(30)(129)(121) 

1. The jrneunatic excitation test - vibration tsst 

2. Violin bow - resonance teat 

3. Alternate tension - compression test. Haiph or 
Krause machine ia used for this tc3t . 

/*. .oilier Toot 

5. wsstinghousc Test - a high temperature fatigue 
machine which s aj Toys a fixed cantilever, constant 
deflection principle. Vibrations arc induced by 

a balanced electronic system. 

6. Schenk type teats 

biwards (129) has said ’'Suppose we ars asked to determine 
the r4UtiiMu fatigue stress permissible for a Katerial to be used in 
a turbine blade required to last "t" hours in service under a given 
s toady creep etress of "if" tone. The frequency of vibration in 
the turbine is r. cycles per minute whereas the highest frequency 

# f it 

possible 3.n the fatigue machine Kay be«0. There is a choice h r* 
of two teat procedures* A steady stress of 1! W tons r ay be ir loosed 
on the specie: er. and an attempt to find tha limiting fati ;ue stress 
for a life of "t* hours may be made. This io the correct Fat hod on 
the basis of tire alone. On the basis of atrees cycles the correct 
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Uniting fatigue sti-sac Mould bo baaed on 50 "t" hours, " In the 
first instates, tho specimen is only given 1/50 in the reversals 
it Mould undergo in service, In the second instance, the specimen 
is subjected to a creep stress "h' M for 50 times longer than it 
would be in service, Neither method is correct but it is thought 
that the first method is closer to tins correct answer, 

With high rates of stressing applying in fatigue tenting, 
a dynamic method of calibrating the equiptuant in order to determine 
the stress-strain relationship is necessary , The dynamic limit of 
proportionality has been shown to be much higher than tne static 
limit in some materials at elevated temperatures. At sufficiently 
elevated temperature s, there nay be no limit of proportionality under 
static testing conditions and the relationship of stress to strain 
at high rates of stressing can be determined only by dynamic calibration. 
The method of calibration described by KoKsown and Back (130) makes it 
possiblo to decide in any given instance whether or not it ie justifi- 
able to assume elastic stressing in computing bonding stresses from 
the applied force and specimen dimensions. For example, when the 
shape of the stress - strain curve or load - deflection curve is 
affected by the rate of stressing at elevated temperatures, it la 
necessary to determine the curve at a rate of stressing the easse as 
that occurring in the fatigue test. Creep occurring during a calibration 
at a slow rate of stressing, referred to as a static calibration, may 
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give a non-linear stress-strain relationcnip whereas, if tic* 
for creep not ^bailable because of tl»e high rate of stressing, 

the relationship nay be linear up to ruch higher stresses* 

With reference to the fatigue strength of particular alloys, 
Toolin and t'ochel (132) plotted 70 fatigue curvee at 1200 and 1500? 
on several high temperature alloys. At 100 rdllion cycles, the 
fatlj,*uo curves of nost of these alloys approached a straight lire 
on the standard eenilogarithuaic stress - cycle diagram. The slope 
of this straight line section of the dlaprara varied fro r. alloy to 
alloy. The wrought forsi of the alloy appeared to five higher fatigue 
strength at 1200 and 1500 F than the precision cast fern. Fatigue 
fractures of the wrought saterials rare, in general, transcrystalline. 
Alloys with higher before - test hardness shewed superior endurance 
pro port! es, 

dvana (30) found that with a 12 Cr alloy at 1000 F etreas 
cycle curve was still falling at 500,000,000 evcir.s (for the 
frequency used - 1150 hours) • 

Cross (40), xising a grouse direct - 9tresc machine with a 
stress amplitude of - 15,000 psi at 1350 F on for-ed 3-590 and H-155 
(low carton), found ductile fractures >dth reasurahle elongation and 
necking down. The tine to rupture in the fatigue test closely 
approximated the cone t e a t u tress to rupture tiue. This would indicate 
at least for this particular experiment that cyclic stress had no 
of feet on the ties to rupturo. 
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With reference to the previous statement e&de regarding 
the possibility of acre severe stress conditions at the root than 
at the blade tips, Bobrovsky (14) successfully operated a rotor with 
3 cerasal blades and 13? alloy blades at r.as temperatures up to 
2000 ? and epeods up to 15000 ryot. Almost simultaneously with an 
increase of speed to 17,500 rpes,, all of the eeraaal blades failed 
at the root where the temperature was quite low* 

Where damping is accomplished by the rechanical blade-disc 
joint nr by the inherent high damping capacity of the saterial itself, 
fatigue obviously is not a worrisome problem. However, the trend to 
welded Joints and the fact that austenitic alloys (and rest of the 
present high temperature alloys have an austenitic matrix) points to 
problems In fatigue since welded joints and austenitic alloys havs 
jx>or damping characteristics* 

Wilkes (120) has found certain changes occurring in the internal 
damping of 5-316, Inconel X, N-155, and Timken 16 Cr - 25 Hi - 6 Ko as 
a result of continuous vibration, fur example at a peak stress of 
40,000 pel, the R1 and Co - base alloys showed a minimum damping near 
COO F and a sharp rise between 1350 - 1500 P. The two iron-base alloys 
had maximum damping between 000 - 1200 7, a slight dip at 1350 7, and 
a sharp rise at 1500 P, K-155 and 5-316 indicated excessively high 
damping at 1200 P and above at stresses below its fatigue Unit* This 
high value however beca&e rapidly smaller as vibration was continued 
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to the extent that it finally showed lowest values of the four 
materials. This means that damping data obtained by pore orthodox 
methods in short times ray, in some cases, be greatly in error if 
used in choosing materials for gas turbine buckets. Consequently 
trouble would result in those designs where internal damping of 
the buckets ie a major factor in limiting vibration. 

Finally it may be said that the damping capacity of a material 
appears to be an inherent characteristic of ths material. It is 
relatively unaffected by heat treatment or other processing variables. 
Ferritic materials have high damping cajacity. 12 Cr steel has 
one of the highest dasplng capacities known, (30) 
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cufij cxivxn 

A high thermal conductivity la a requisite in materials 
expected to possess high thermal shock resistance* With materials 
of high thermal conductivity, it is possible to operate at higher 
gas temperatures than with materials of low thermal conductivity - 
other conditions being the earns * An experiment in which high tempera- 
ture alloy (uetel), ceramic, and cersmsl blades were Mounted in a 
wheel and then passed through the flams fro r a gas torch for a 
given time revealed that the ceramic became wt&te hot, the alloy 
bright red, and the cerarral a dull red (14) • 

COLFFICl *271 Or 4XPAK3I0H 

A low coefficient of expansion is desirable where close toler- 
ances and cyclic operations are necessary. A low coefficient of 
expansion has Batch to do with the adherence of oxide files* In welding 
a low coefficient is desirable * Unfortunately cany of the high tempera- 
ture alloys have coefficients as high as 1*5 tines that of the plain 
carbon steel* The coefficients of these alloys increase with tempera- 
tures . for example, Cunningham has reported (24) that the Slliott 
turbine ie nearly l/2 ineh longer when it is operating then when it 
is cold* Due to this expansion at the high temperatures of operation 
the turbine cust be balanced not only at speed but also under 
conditions of temperature* (f.'orral method of balancing turbines 
for operation at moderate tenporatures 500 - 600 f is a dynamic 
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balance at root totfrjerature.) In th« tllllott turbine expansion 
ia handled by having the turbine and its appendage fixed at its 
exhaust end with all expansion forced toward the inlet, where 
connections float by freely noving links. 



The specific gravity or density of the raterial influence* 
the nagnitude of the stresses developed in the rotating buckets due 
to centrifugal force. 

Parke and (44) in the search for a suitable metal for 
operating temperatures up to 1600 F used the melting point of the 
cetal ae the criterion for seleetion. It is noted that, although 
pure metals have higher celting points than their alloys, the pure 
metals do not usually have as good mechanical properties. Tungsten 
(K. P. 6190 - e6 F) seared to be the ideal base. Unfortunately, 
tungsten - chromium alloys with excellent oxidation resistance and 
high strength at 1600 P were too fragile and difficult to fabricate. 
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Figure 25* Plot of hindered contraction „ stresses versus 
temperature. (48) 
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Materials for use in gas turbines specifically designed 
for transportation which implies cyclic operation mist here & 
certain esount of resistance to thermal shock. Norton (15) has 
s unwed up the properties required by materials at elevated 
temperatures for rjudnuM resistance to thermal shock as: 

1. High tonsils stress 

2. High than al conductivity 

Low specific heat on a volune basis 

4* Low effective aodulus of elasticity (ratio of 
stress to strain at fracture) 

5» Low coefficient of thermal expansion 

6. Low etd-saivity 

7. Low exterior conductivity (heat loss by convection 
at the surface) 

Resistance to failure from thermal shock was determined by 
Dobrow3ky (14) by heating circular disks 2 inches in diameter and 
about 4 inch thiek to a given temperature and then quenching these 
disks in a moving stream of air. If a specimen withstood 25 cycles 
of shock at a given temperature, the test was continued at the 
next higher temperature for another 25 cycles to a t-axinur tempera- 
ture of 2400 F. The thermal shock parameter was set equal to 

..telJLT.-. S sl 
( * ) 

where K thermal conductivity 
T.3. tensile strength 

coefficient of thermal expansion 
S effective modulus of elasticity 
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A large value of the above parameter is indicative of high 
resistance to thermal shock, 

Avery and Wilks (4d) have plotted the stresses which result 
if the thermal contraction of an alloy is hindered. The plot shown 
in Figure 23 nay serve two functions: (1) It may indicate the 

magnitude of thermal stresses that can develop. (2) It provides a 
quick criterion for determining at what temperature heat treatment 
must bo conducted to reduce residual stresses below a certain level. 
Above the corresponding temperature point on the graph, any stress 
that is applied to an alloy will rapidly fall by plastic deformation 
to the value indicated by the curve, 

Henry (11) has remarked that substitution of fine grained 
material for coarser grained material permitted relief of thermally 
induced stresses by local elongation at points of stress concentra- 
tion, 

NOTCH RKStSTAlCS 

Siegfried (33) has said that heat resistant alloy steels tested 
at high temperatures in notch impact behave like ordinary basic Bes- 
semer steel tested at low temperatures. Small cracks in the surface 
may slowly develop and lead to fracture without deformation. Schaub 
(51) has remarked that the limiting creep stress should be complemented 
by a corresponding test (creep) on notched test bars. In the notched 
test a stable material should not exhibit any tendency to embrittlement 
or to fissure formation in the notch similar to stress corrosion. 
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cofgyj.uo; ah) oxi >/.tiok 

There <*re a number of reasons why a clear cut corrosion 
or oxidation ini ex of a material cannot be given. The rate of 
corrosion and oxidation of a notarial depend* on tumy different 
variables. These variables are: 

1. Twajerature 

2. Ambient atmosphere 

3. Cocposition of material 

4. Tlr.-e of exposure 

5* Thermal shock conditions - coefficient of 

expansion 

6. Kc chart teal stress and abrasion 

7. Steady or fluctuating temperature and composition 

of atrsoaphere 

8. Kethed of reporting corrosion loss or oxidation 
Gow (79) has said: "Broad generalisations regarding ths 

relative corrosion resistance of different alloy corr<positione based 
on the experience gained in one type of application or on the results 
of tests conducted under one set of conditions are likely to be 
wrong in their implications whan corrosion conditions other than 
those for which the observations were made are encountered," 

Harwood and Schulaan (101) have nade a rather comprehensive 
report on c'.irrent corrosion research which is boing conducted under the 
auspices of the U. S, Kavy. Oxidation and tarnishing are now recognized 
as electrocher cal phenomena • Metal ions hav$ been shown to diffuse 



» 76 ** 



* . 1 . I b 



i. 

frl. i-r:»3 .*»i u-- a i * -* erm***'} lr v _ 

lo >• ' ' *’ < .. «. : V ,*»4 ; J,.. . 

•4 

JiWft'll** 0 4 lg » J.t-.A. fc.b. J.t-nc. 

J«rt* «% • #T 

JW'VJM . ,i 

.*• * .T^k •(/ i«j tr . «i , r 

♦ T !>•>/! „ 

^ f ' 1 £ • \ — •"•k!" • • *• * ».> ii* ,i 

fl» ienayM 

»c i'.rrrfjP I*j« wf’ii /etintftoe* 4 < 

floiXKv j> »t. • 4 «. - , 

-r* V 

L* t ►«©* »aJ. -—*»?> v>. i-t. ijn ?© . •. 

•rfi i-.'M-in •jus*** 4m» «**’ (N* v>-- 

**' • ii* *.-^« v- ~i* i.e-ert*. *.© •>.*.©*«*• , l(V -,UX#i 

»*U<- #-* ©r J o V* * • *»3 . . •<; f ©Jv© i'J I . 

erf ©« »i> ■0oi.'ii*?oA v. *•«. . ?o i<* : -■ • <-* *> 

m>'j -^lo *r »i,?iXtoo noia-yr*^' "r *- ««:i l *>5 > f>- 1 . • ' j «- •- 

,b©7 - V *tj • *>* ♦ "•% t>. J 1 

. 

•* (»<•©« rr> » lij ,.m- (JXXi ) <t* • 0 .. •. 

4>*ia0lf r >0 ‘ti-J ». rt-'4 i©u ^*-1 j. 'u^ -• . 3-mx- «> „ 

:>►' '••-• • *r»- Mooted i... m u+i-to,-.' ,V 1 .’J fc/J '• 

•*>mb ex’ taio t ..♦ .- ••, s>» 1 X'- f „» * v, .*.> * jj 



outward through the oxide (sulfide or hallo*) fils as well as th# 
lass fro quant diffusion of reactant (gaseous ) ions inwaru. A 
growing file may be cosyared to a current - producing ceil with th* 
luetal-filtt interface (as anods) supplying cations and electrons 
for outward diffusion and with the attacking sufcstar.es - fils interface 
(as cathode) supplying tha anions for inward diffusion. The fil* 
acts as both tha internal and external circuit of a dosed call. 

Ketals can ba divided into two groups for consideration of 
thsir oxidation products: (101) 

1. Lighter Ratals forw porous oxide a which have 

a smaller volume than the equi valent Jaetul con- 
sumed in producing these oxides. These Ratals 
generally exhibit a linear rate of oxidation 
at oonataat temperature • 

2. Aluminum and the heavier ratals fori- protective, 
nen-porous oxides of greater volume than tha 
equivalent natal consumed. Many metal* of thia 
group exhibit a parabolic oxidation rata (inversely 
proportional to the square root of the tins) 

Under soma conditions the oxidation process is 
proportional to the logarithm of tine. 

Fundamental studies of oxidation and corrosion are being made 
currently at several universities. At Illinois Teel: (101) direct 
aeasurenent of ths rates of gas - metal reactions is being mads by 
neons of a gas volumetric method with gas circulation under atmospheric 
or low pressure. One of the initial phases was ths study of slectron 
potentials In growing lialide and oxide layers. A study of the zone 
of eotnl phase cor; a ur.pt ion (locus between the initial surface of the 

metal and the surface of the 
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retracting r.etal phase) rare&leu that ©van in the cases where a 
scale crow* by outward diffusion of the metal or rotal ions, tha 
scale also rust 'row o-i the other side towards the metal . Conditions 
of scale growth on both sides of the --etal are d-scsicdlar. Thus, 
the structure of the scale tends to be different in both layers 
f oread, Co -position and structure of files aro being investigated 
by chemical and metallographic examination and by electron diffrac- 
tion studies. Several stainless steels itava been exposed to varying 
oxygen atmospheres for different temperatures and tine treatments , 

The oxidation process has been followed by weight measurements and 
diffraction studies. It was found that ths oxide films foroed in low 
oxygen aUaspherss at 1800 F are apre protective to further oxidation 
than scales fomed in higher - oxygen at:»o spheres. Electron diffrac- 
tion patterns have been obtained at the temperature of oxidation. 

The high temperature oxidation products formed in oxygen and 
in air in Cr steels, ranging froa 5-26$ Cr content, have been analysed 
by X-Ray diffraction, k regular variation of phases present can be 
correlated with change in oxidation resistance. In contrast with pure 
iron, no FeO was found in the oxidation of iron - Cr alloys indicating 
a possible function of Cr in producing an oxidation resistant scale. 
Since it is recognised that the protection afforded a raetal nay not be 
dcKis to the bulk oxide acting as a teclianieal barrier, but rather to some 
special properties of a rslatively thin layer next to the *etal, film 
stripping techniques are being utilised to examine thin files by 
transrdesion electron diffraction. 
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At Carnegie Institute of Technology (101), the diffusion 
mechanieiao operating during oxidation processes are being studied 
by seana of radioactive tracers. It is joasible te .leter-dne if 
it is iron or oxygen which diffuses through the oxide layer during 
the scaling of iron. In briof the method Is of electroplating a thin 
layer of radioactive iron on a polished surface of jure ix'on. The 
specimen is then oxidised under controlled conditions . The distribution 
of radioactive iron through the scale indicates the nature of the 
diffusion process. 

At Stanford University (101), a pro gran is underway to deter- 
mine if atmospheric reactions have an important effect ©n stress - 
rupture properties of high temperature alloys. Then by the use of pure 
metals, the mechanise and nature of these effects are to be studied. 

The results to date have indicated that atmospheric reactions have a 
definite effect upon high temperature strength properties of ratals and 
alloys. The program will also include the study of the effect of 
strain rate on the embrittleraent of pure ratals subjected to stress 
rupture tests In active and inert atmospheres at elevated temperatures 
in order to determine if the reduction in ductility is due to environ- 
ment or effect of low strain rates and high temperatures. 

Pro; the above discussion, it would appear that very little 
fundamental study has been done in the field of corrosion. This is 
not so liowaver. Hickman (95) (V«) and. Hickman and Culbransen (94) 
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have reported a nucbor of electx-on diffraction studies on stainlsos 
steels 3J1, kUb, 3~5d8 f nicliroce, inconel, otellite, refractaloy, 
hipernik, kovar, and hastelloy. Hidosan (95) used the reflection 
electron diffraction technique in studying the structures of the 
oxide f lists on the Above ratals at elevated tenperatures, The 
observations were cade at elevated temperatures and after the 
metal had been cooled from the high taiap^-at'ure, The following 
results were noteWi 

(l) The oxide which formed on rx>st of the alloys 
was Cr o 0, 

*- j* 

(2) In general, oxides of iron are observed at low 
temperatures while oxides containing Cr appear 
as the teuperatur* la elevated* 

(3) Heating and cooling expert r.*ntn show that solid 
phase reactions occur during temperature cycling* 

( U ) There does not appear to be any correlation 

between the structure of the alloy substrate and 
the oxides which way form on its surface* Both 
austenitic and ferritic alloys for* Cr 0^ and 
spinel type oxides* 

(5) On those alloys which contain Ni and Cr (nichrorsts) 
and those which contain Co and Cr (refr&ctalloy 

and stellite), oxides of Ni and Co 
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are observed at low teaperatures while Cr oxide* 
appear as the temperature i» raised. 

Fielaaan and Oulbransen (94) found that, if the oxide coating 
of these alloys was protective to the alloy at temperatures in 
excess of 1303 F, the structure of this protective coating is of 
the spinel type. 

Hickcan ( 96 ) has mentioned a nunber of factors important 
in determining the chemical and physical structure of the oxide film 
on the surface of an alloy. Sore of these fastors not previously 
mentioned are: 

1. Themodynaaie stability of the oxide 

2. Lattice type of the oxide and its resemblance 
to the netal or alloy lattice. 

3. Preoxidation treatment of the ratal such as 
annealing, polishing, and cleaning. 

4. Rates of nucleation and growth of the ord.de 
crystals. 

“4" above is unknown, "3 W Has been estimated fron thermodynamic data, 

and R 2 K has been determined fron diffraction studies. Sone work along 

preoxidation treatment lines has been done by Vernon, tfomwell, and 

Kurse (97)* The relationship of the lattica type of the oxide to that 

of the underlying octal or alloy may determine which oxide will fora. 

It is possible that a given oxide may have ,reater probability of 

forming if its lattice Batches that of tha metallic substrate. 

Goldschmidt (96) has shown that FeO and Fe 0, have lattices which may 

> 4 

be readily derived frow the lattice of alpha iron, while alpha Fe^O^ 
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has a rhoiabo2,euraJL lattice which differs considerably fro* that 




and FeO are found in contact with alpha iron while alpha F«^D^ 

Is not* Binary alloys present added difficulties in co pari son 
with the ratals since the oxides which fora nay be co*-plex and 
contain the two ratals or solid solutions of various oxides 
of the two wet ala. Investigations of binary alloys have shovat 
that it is not possible to predict the oxide that will fora on the 
surface on the basis of the theraodynaxic stabilities of the several 
possible oxides* Oxides of sore of the elements, silicon and sirconii*, 
are not observed in the outer surface of the oxide layer* Oxides of 
one metal (in a binary alloy) occur at low temperatures, while oxides 
of the other metal appear at higher terreratures. The probles of 
identifying an oxide on the surface of an alloy way be extremely diffi- 
cult if two or rore of the oxides below are present sinultaneously. 

The reason for this difficulty is the aii_Llarlty in structure and unit 
cell sices which results in the sane distribution of diffraction lines 
and intensities of these lines* The similarity in structure also 
increases the probability of solid solution of one oxide in another. 
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Correlation of oxidation rata with the constitution of 



the oxide coating should be made lr. order to deterrlne which 
additions should be rade to the base material for best o:d elation 
resistance (14) • 

and Kc Donald (100) have said that temperature 
increases the rata of scaling 1,2 to 2,0 times par 18°P temperature 
Increase providing the temperature differences are not too large and 
the sas-e oxide phase is being formed. 

The effect of the pressure of oxygen, in the case of oxidation, 
acts differently in various pressure ranges. At very lov oxygen 
pressure, the dissociation pressure of the oxide scale ray be higher 
than the external oxygen pressure. Under these conditions seeds does 
not form. When the external pressure exceeds the dissociation pressure, 
scale fores. If an oxide Is present In a closed system without an 
additional supply of oxygen, and another metal is placed In the sane closed 
system, then the oxide may dissociate giving off oxygen and the 
second metal may oxidise providing the conditions described above 
obtain. 

The corrosion behavior to be expected of an alloy cannot be 
predicted fro r known corrosion behavior of oo- ponent elements end 
the proportions of these elements in the alloy (99) • In Fe-IIi-Cr alloys, 
the optima Hi or Cr contont for .axircun corrosion resistance varies 
as the Hi or Cr levelo being considered are altered. Also the optimist 
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arount of -i and Cr varies with the te^peratur« belli considered, 

Co, W, and l*a which nave relatively poor oxidation reel stance 
may actually enhance the oxidation scaling resistance when present 
in particular amounts in Fe - Cr - Ni alloys (99). However, if 
volatile oxidation products arc formed such as or l.oC^the alloy 
nay have lewer oxidation resistance as a result of the addition of the 
tungsten or laolybdenur (1U3)« 

Perhaps the cost clear cut statement that one can rake about 
the oxidation of high temperature alloys is that the resistance to 
oxidation Ir a function of the chroniun content. Since nost of the 
high temperature alloys have an austenitic xatrix, an increase in 
chroaAun content as operating temperature increases necessitates that 
nickel or sons other austenite stabiliser be increased to maintain 
the austenitic structure* Gov, Brasunas, and Harder (43) ~ade corrosion 
teste of Fe - Hi - Cr alloys in air at 1600 to 2200 ? , They found that 
Cr content is considerably store effective than Ki content in resisting 
oxidation at 1600 F, Two general composition range? where optimal 
corrosion resistance vas obtained at 1600 ? and 2200 F were 26 Cr-20 Ki 
and 16 Cr - 60 Ki. 

Lincoln (23) has lie ted the following percentages of Cr as 
being necessary in Cr - Ki steela to resist excessive oxidation at the 
indicated temperatures* 



SXL 


Te: /erature 


12% 


1300 r 


16% 


1500 F 


27% 


2150 F 
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In addition to oxidation in general, decarburization, 
carburization, nltrldatlcn, interdendrltic or intergranular 
penetration, and selective infiltration attack say occur. The 
presence of carbon in eosbustior. gases aa unturned hydrocarbon* 
or in other forua say cause the carbon to diffuse into the 
steel at an appreciable rate at temperatures in excess of 1300 F, 

Ths unfortunate tiling about carbon in a chrorlun steel is that 
carbon combines with sixteen tires its weight of Cr to fom 
chromium carbides. Thus in the vicinity of these carbide* the 
matrix ray be depleted below the aaount of chrooiun needed for 
oxidation resistance ( establishment and s«(interenee of chmrdum 
oxide scale) at the particular teeperature. Lincoln added 1.7 Si 
to a 25 Cr-20 Hi steel and then exposed the steel to a carburising 
atroephere for 160 hours with practically no carburisation. For 
the optimun resistance to carburization, strai ght chrcniuu steels 
which are completely ferritic are recor- ended. 

Sulfur present in combustion gases either in the elemental 
fori or as attacks steels with nickel content. The sulfur 
forms with tho nickel a Ni-3 eutectic which salts at 1193 F. Lincoln (2d) 
has found that in at o spheres which are oxidizing and in which U.s 
sulfur remains as 30 ^ there Is slight attack on straight chro- iua 
steels or steels with low Hi content. Under reducing conditions 
with sulfur in the fom of there is serious attack at elevated 
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temperatures particularly if t,he steel contains nickel. Stauffer 
and Kleiber (92) (102) found that in sone cases , high sulfur com- 
bustion gases caused less sealing than low sulfur "area. They 
attributed this to the great scatter in the test results. 

One of the discouraging things about expressing a corrosion 

index of a acetal aside from seating the controlled conditions 

of tlem, atmosphere, and temperature already mentioned la that 

the weight lost set hod la subject to T«at experimental error. 

For example, Cow, Braeunaa, and Harder (l£) could not get a completely 

metallic surface on Fe-Kl-Cr alloys after repeated and prolonged 

descaling. PoCullough (93) has said that descaling (associated with 

weight lost) Is not satisfactory for long-period tests where descaling 

will not indicate subsurface destruction due to intergranular attack 

and de carburisation, nevertheless, corrosion data Is expressed as 

2 

"grass lost per inch per day" or "inches penetration per year." 

The frersaan criterion for corrosion resistance of steal for gas turbine 
blades during World War 11 waa that at the given temperature the 
tested steel had to show a loss not greater than 1 gran per hour per 
square meter, and at 90 F above that temperature a lose not greater 
than 2 grans per hour per square meter. The above figures ap$>ear to 
be very arbitrary and at the best probably have very restricted 
engineering applicability. 
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The t uchanical testing of the Jiigh tauj.era.tur* alloy* 
for dyn&rdc applications only cwphasir.es how little inforaation 
is actually obtained froa such tests as creep, tensile, and 
fatigue with relation to performance in service* Sweeney (21) 
has said that the general belief today is that laboratory 
och&nlcal test data only serve as indications of the uses for 
which an alloy appears to be suitable. At the present tine, 
the final choice of material is dependent only upon long-tins 
service testing in the turbine unit. As an ux&nple of the lack 
of agreement on any one alloy for a specific application, Sweeney 
has sold that of t!ie five cobalt base alloys which Haynes Stellite 
Cospany nakec for precision - cast turbine blades Allison thinks 
number 21 alloy is best, Westlnghouse h«s always used number 23, 
and other turbine builders feel that alloys maaber 27, 30, or 31 
are better* 

Badger (25) has described the service testing of wheel 
natori&ls in which the wheels are unbucketed to failure in 
a high-speed vacuum stand. About 150 wheels vert burst to determine 
the relative quality of various manufacturer* s wheels and to evaluate 
X-Ray, syglo, and supersonic testing. In general, it was found that 
X-Rays were effective in locating internal pipe or blowholes but 
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ineffective in detecting fine cracks. Zyglo was effective in 
detecting surface irtpnrf actions • Supersonic testing was effective 
in detecting cracks or voids too grail to be found by X~£ay. An 
effort was nade to correlate failures with the stress-rapture 
properties, (taping capacity, and fatigue resistance. It seemed 
that the design and operating conditions influenced the nature 
of the failures. In the turbosupercharpera , for example, the 
buckets were more effectively damped than in the aircraft gas 
turbine buckets. Bucket bands in the turbo super chargers touched 
and in cone cases were upset by expansion. In the buckets without 
the damping effect, there ie sore correlation between failure in 
the service test and the high temperature fatigue strength. 

Saldin and DsHuff (55) J»ave said that the advantages of 
running bladed discs In an actual engine test arei 

1* Identical conditions of normal engine operation nay 
be duplicated. 

2, No additional testing equipment is needed 
There are however cany di advantages* 

1* Qptimri personnel safety is difficult and costly. 

2. Costly engine '’axago occurs in case of prenature 
failing of even a minor part 

3. Rotational speed is United by other engine parts 

A. High operating costs 

5# T« perature Reesur scents are difficult 

6. Design and configuration of the equipment is inflexible 

7* There is little independent control of variables 

8. There is difficulty in repeating test conditions and 
results 

9* Measurement of creep is difficult without extensive 
engine teardown. 
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Stewart and gllinghausen (13) have described the comparison 
of high tocsperatu re bade aateriala in a type B turbo supercharger. 
Twelve different alloys were tested as blade material. 142 blades 
of both wrought and precision cast alloy blades were bo unted in 
the rotor disk of a type B turbo supercharger. Diesel oil was 
the fuel used. Test runs were Bade at 1200*1500 F for 50 to 150 hours. 
After each test run, the supercharger was reroved from the test 
stand and taken into a constant temperature roc: where teasurooente 
were made to determine the permanent extension in the blades and 
rotor disk. Stewart and Sllinghausen (13) report what can happen 
in a service test as fellows: * No new blades of high-strength 

alloys wars available for replacement, and a set of vitalliun blades 
was taken frof. a standard rotor for this purpose. This proved unfortu- 
nate as one of the replacement blades failed during the second 50 hour 
t« 3 t run at 1500 F. — The failed blade segment damaged a considerable 
number of blades in the rotor. Forty-five of the damaged blades were 
recoved and replaced with new vital li up blades. 

Renewal of forty-five blades and damge to ths reference circles 
rr_ade it necessary to reestablish the reference marks, renew the bear- 
ings, and balance the rotor •* 

An interesting point about the results of these tests was 
that two of the alloys which showed the naxinua resistance to deforma- 
tion at 1500 F in the laboratory creep tests stood approxiRately in 
the r,iiddle of the group tested in the supercharger. Thus it seenra 
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thai one of the major objectives in high temperature : letallurgy 
Is the development of a laboratory test for evaluating Materials 
that will correlate with service experience • 

Recently Hoffman and Ault (105) made a study of the applies* 
tion of statistical net hods to the evaluation of gas-turbins 
blade failures. Routine laboratory teats are usually applied to 
newly available materials to rate them upon the basis of stress * 
rupture strength, creep rate, fatigue life and otliar properties. 

These data are valuable in the selection and davelop.ent of suite rials 
in that they furnish a relatively fundamental basis for comparison 
and study. But, as has already been pointed out, the data are 
difficult to apply directly for service use because they fail to 
indicate the effects of complex conditions of stress, temperature, 
and atmosphere that exist in service. In order to at proach service 
conditions, simulated service tests, simplified to reduce the number 
of variables and to improve control of variables are employed for 
evaluation of materials before use in service applications . If it 
were possible to correlate failures in the service test with failures 
iri the laboratory test, it would be possible to eliminato much of 
the expensive service testing. Tor example, if a service failure 
can be attributed to fatigue or stress rupture, then the fatigue 
properties or stress rupture properties would be the lKjortant 
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criterion in the laboratory test, 

Hoffman and Ault (105) determined the frequency distribution 
of tii»e until failure of 142 cas*t cobalt base turbine blades noun ted 
in each of two discs. In one wheel, the entire 142 blades failed. 

In the other wheel, 64 of the blaies failed. The blades in the 
first wheel liad an average life of 25.5 hours with a standard 
deviation of 11.5 hours. With tills large standard deviation nay 
bo seen tho fallacy of Baking very few tests to obtain data. The 
results of very few testa might place at one extreme or the other. 

Reynolds, Krowaan, and White (62) have said that erratic 
results in rupture teste at 1200 Y on 19-9 DL were probably due te 
variation in sample location and partially to an inherent erratic 
characteristic associated with low deformations in the materials. 

They recommended sufficient teats to obtain a good average curve 
of stress against rupturu time. 

Mills (107) in discussing the design of a test coupon found 
by statistical analysis that when good steelraking, forcing, and 
heat treating practice had been eetabliehed, there was as much 
variation in physical properties within any a ingle forging as within 
an entire heat treatment batch. Teste from the end of any given 
forging then were no better criterion of the r atorlal in the canter 
of that forging than were the tests from another forging of that 
heat treatment batch. Statistical methods for studying the properties 
of wrought steel products have been given in a series of papers 
fro 5. the Carnegie Institute of Technology. 
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Social equi^-nasat and techniques necessary in high tsKpera— 
ture testing have been described previously* Further information 
t*ay be found in references (13)# (61), (71), and (106). 
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24. Stress and temperature distribution in 

a diso of 19-9DL rotating at 16«500 rpm, (55) 




slip rings where strain gags signals were transmitted to a cathode 
ray oscilloscope. 

The present designs of the Elliott gas turbine are based 
ca the jcaximim stress theory of failure. The evaluation of the 
working stress is cade on the basis of the stress - to rupture 
test in single tension at elevated temperatures. Cn tho basis 
of what has been said, it would appear that the design of the 
gas tux'bine io an undertaking involving many approxL nations • 
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ClUtf'TSJt IX 



dTI»J3 AND DKilGH 

In Figure 22 was shown the stress distribution in a 
blade* Figure 24 depicts the stress distribution in a dise 
with 150 F temperature differential frots center to rin rotating 
at 16,500 rpm. As with the description of the stress distribution 
in the turbine blades, the stress problem in the disc is very 
complex* The disc le subjected to heat by conduction fron the 
blades and nay in some cases be directly heated by the ccbustion 
gases. The temperature differential existing between the center 
of the dise and the rim causes a differential expansion which intro- 
duces a system of thermal stresses that combine with the centrifugal 
stresses due to rotation (113) (122). 

The elastic theory for disks operating at high temperatures 
for extended periods of time is coipletely inadequate* The accurate 
solution of the growth of turbine disks is an ii portent and difficult 
problem* While the final stresses depend only on the state of creep 
ultimately reached, the growth depends on the entire cycle of life (123)* 

Difficulties connected with oxperiiaental stress analysis of 
discs and blades are great* (113) has described how high 

temperature wire-resistance strain gages were mounted at the bases of 
several blades and the vibratory stress of the blade was recorded 
during operation. Several components of the turbine were modified in 
order to provide passage of the wires from the strain gages to the 
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A number of factors which must be considered in evaluating 
high tet oeratur© ate rials have been discussed. The little that 
is known and the £reat c~ount of unknown information concerned with 
these tests and properties has been pointed out. Warning was given 
at the outset that nt^k of these factors can be considered individually 
sines interaction and interdependence are important in the increase 
or docrease in the units of measurement expressing the quantitative 
measurement of the property. Stress, strain, time, and temperature 
must be considered simultaneously when evaluating materials at high 
temperature. This factor is the explanation why the obtaining of 
data ie difficult and expensive. 

Some rather obvious future requirements are: 

1, Coordinated programs of reaoarch 

2, Fwndarental research on mechanism of creep 

3, Studies of norplex stress system at l±igh 
temperatures 

4, Study of the effects of long periods of stressing at 
elevated terpe natures on the stability of materials 

5, Statistical method* of experimental analysis 

In the Interim , the designer of gas turbines oust exercise 
careful jvidgsent based on empirical relationships, adequate margins of 
safety, and on his ability to <liscern if a particular toot or test 
Motived is applicable, reliable, and trustworthy. 
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Bl\do r- U-rlale for t o ’ouor iirorsf *-lo.»te " 

v. ?1 la, 6 Aag* 1949 p. 6 *' -> 9 . 

1 . forion, .... t* - Inc-" rf-r, !tol? -I2U So* ? - c • «*r : '. 
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